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Abstract
It is essential to characterize and quantify naturally occurring morphometric changes in the
human brain when investigating the onset or progression of neurodegenerative disorders.
The aim of this thesis is to characterize the properties and measure the performance of
several popular automated magnetic resonance image analysis tools dedicated to brain
morphometry.
The thesis begins with an overview of morphometric analysis methods, followed by a
literature review focusing on cortical parcellation protocols. Our work identified unanimous
protocol weaknesses across all packages in particular issues when addressing cortical
variability.
The next chapters present a ground truth dataset and a dedicated software to analyse
manually parcellated data. The dataset (https://datashare.is.ed.ac.uk/handle/10283/2936)
includes 10 healthy middle-aged subjects, whose metrics we used as reference against
automated tools. To develop the ground truth dataset, we also present a manual parcellation
protocol

(https://datashare.is.ed.ac.uk/handle/10283/3148)

providing

step-by-step

instructions for outlining three cortical gyri known to vary with ageing and dementia: the
superior frontal gyrus, the cingulate gyrus and the supramarginal gyrus. The software,
Masks2Metrics (https://datashare.is.ed.ac.uk/handle/10283/3018), was built in Matlab to
calculate cortical thickness, white matter surface area, and grey matter volume from 3D
binary masks. Characterizing these metrics allowed further understanding of the
assumptions made by software when creating and measuring anatomical parcels.
Next, we present results from processing the raw T1-weighted volumes in the latest versions
of several automated image analysis tools—FreeSurfer (versions 5.1 and 6.0),
BrainGyrusMapping, and BrainSuite (version 13a)— against our ground truth. Tool
repeatability for the same system was confirmed as multiple runs yielded identical results.
Compared to our ground truth, the closest results were generated by BrainGyrusMapping for
volume metrics and by FreeSurfer 6.0 for thickness and surface area metrics.
In conclusion, our work sheds light on the significance of clearly detailed parcellation
protocols and accurate morphometric tools due to the implications that they both will have.
We therefore recommend extra caution when selecting image analysis tools for a study, and

i

the use of independent publicly available ground truth datasets and metrics tools to assist
with the selection process.
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Lay Summary
It is essential to characterize and quantify the naturally occurring changes that the human
brain undergoes with the onset or progression of neurodegenerative disorders. The aim of
this thesis is to investigate the performance of several popular magnetic resonance imaging
analysis tools which automatically measure and quantify many brain characteristics.
The thesis begins with a review of the various existing methods, followed by a literature
review which explores the protocols that the tools use to divide the brain into subregions for
further analysis. We identified unanimous weaknesses across all tools, particularly when
addressing regional brain variability.
We next present a manually curated and analysed dataset along with a new software to
analyse manually outlined subregions. The dataset includes 10 healthy middle-aged subjects
whose measurements (via our software) we used against automated tools. We also present
a guideline, or protocol, for manually outlining the three subregions analysed in our dataset,
which are known to vary with ageing and dementia: the superior frontal gyrus, the cingulate
gyrus and the supramarginal gyrus. Characterizing these subregions and measurements
clarifies the assumptions made by automated software when creating and measuring
equivalent parcels.
In the final chapter, results from processing the raw magnetic resonance data from the
scanner in the latest versions of several automated image analysis tools— FreeSurfer
(versions 5.1 and 6.0), BrainGyrusMapping, and BrainSuite (version 13a)—are presented
against our ground truth. Identical results for multiple runs confirmed repeatability of the
tools when using the same system. Compared to our ground truth, BrainGyrusMapping
generated the most similar parcel volume measurements and FreeSurfer 6.0 generated the
most similar thickness and surface area metrics.
In conclusion, our work sheds light on the significance of clearly detailed parcellation
protocols and accurate measurement tools due to the implications that they both will have.
We therefore recommend extra caution when selecting image analysis tools for a study, and
the use of independent publicly available ground truth datasets and measurement tools to
assist with the selection process.

iii

Declaration
I declare that this thesis has been composed solely by myself and that it has not been
submitted, in whole or in part, in any previous application for a degree. Except where
states otherwise by reference or acknowledgment, the work presented is entirely my
own.

Shadia S. Mikhael

October 2018

iv

Acknowledgements
The completion of this enormous project would not have been possible without my massive
support network. The list is never-ending, but I shall name a few for whom I am eternally
grateful:
My generous funders, the Scottish Imaging Network: A Platform for Scientific Excellence
(SINAPSE) and Canon Medical Research Europe Ltd.
The highly knowledgeable librarians who introduced me to reference managers and Moira
Henderson for all the administrative support,
All the developers who patiently assisted in deepening our knowledge of their software
packages,
My colleagues in the PhD lab, including Beth, Ellen, Ezgi, Gordon, Marsida, Olivia, and Una
who continuously offered words of encouragement and advice, as well as cakes and coffees
at the lowest and highest moments,
All colleagues at the Centre for Clinical Brain Sciences, especially Dr Dominic Job and Dr
Michael Thrippleton, for their advice and entertaining coffee breaks,
Fantastic collaborators, Dr. Mark Bastin for the dataset and valuable guidance, Dr Calum Gray
for sharing his image analysis skills, tools, and ideas, Dr Tom MacGillivray for his support, and
Dr Grant Mair for his valuable anatomical input,
My first supervisor, Dr Cyril Pernet, who offered an abundance of valuable advice 24/7, gave
me the freedom to experiment, patiently revised too many versions of my work, and believed
in me,
My additional academic supervisors, Dr Maria Valdez-Hernandez, Professor Alison Murray,
and Professor Joanna Wardlaw, for their feedback and support throughout my studies,
My industry supervisors, Dr Corné Hoogendoorn, Dr Sean Murphy and Dr Ian Poole, for this
opportunity and for their advice on image analysis tools,
My parents and siblings for believing in me and for their words of encouragement no matter
when I called,
Our 2 beautiful blessings, Oliver and Lily, for asking me on a daily basis whether or not I’ve
submitted my thesis and telling the whole world so proudly that ‘mommy is doing a PhD’,
driving me to work harder and be a good role model,
Last but not least, my amazing husband, Dr Ralph Bouhaidar, who has sacrificed so much
from day one to support me in every way possible throughout this journey. Without his
generous love, words of encouragement, patience, advice, career sacrifices, taking our
children on holidays on his own so that I can complete my work, believing in me, and cheering
me on all the way to the finish line, I simply would not be here today.
Thank you all!

v

For Ralph, Oliver and Lily

vi

Table of Tables
Table 4.1 .......................................................................................................................58
Table 4.2 .......................................................................................................................64
Table 4.3 .......................................................................................................................65
Table 4.4 .......................................................................................................................65
Table 4.5 .......................................................................................................................65

Table 5.1 .......................................................................................................................82
Table 5.2 .......................................................................................................................85
Table 5.3 .......................................................................................................................87
Table 5.4 .......................................................................................................................89
Table 5.5 .......................................................................................................................93
Table 5.6 .......................................................................................................................94
Table 5.7 ..................................................................................................................... 100
Table 5.8 ..................................................................................................................... 101

Table 6.1 ..................................................................................................................... 119

vii

Table of Figures
Figure 4.1 ..................................................................................................................... 60
Figure 4.2 ..................................................................................................................... 63
Figure 4.3 ..................................................................................................................... 68
Figure 4.4 ..................................................................................................................... 69
Figure 4.5 ..................................................................................................................... 70
Figure 4.6 ..................................................................................................................... 72

Figure 5.1 ..................................................................................................................... 87
Figure 5.2 ..................................................................................................................... 90
Figure 5.3 ..................................................................................................................... 92
Figure 5.4 ..................................................................................................................... 97
Figure 5.5 ..................................................................................................................... 99
Figure 5.6 ....................................................................................................................103
Figure 5.7 ....................................................................................................................105
Figure 5.8 ....................................................................................................................106

viii

Table of Contents
Abstract .......................................................................................................................... i
Lay Summary .................................................................................................................iii
Declaration .................................................................................................................... iv
Acknowledgements .........................................................................................................v
Dedication ..................................................................................................................... vi
Table of Tables .............................................................................................................. vii
Table of Figures ............................................................................................................ viii
Table of Contents ........................................................................................................... ix

1. Introduction ............................................................................................................... 1
1.1 Parcellation .....................................................................................................................1
1.1.1 Parcellation history ..................................................................................................1
1.1.2 The bigger picture ....................................................................................................4
1.2 Brain Morphometry ........................................................................................................4
1.2.1 Brain development...................................................................................................4
1.2.2 MR-based image analysis .........................................................................................5
1.2.3 Metrics .....................................................................................................................6
1.3 Thesis Aims......................................................................................................................7
1.4 References ................................................................................................................... 10

2. A Review of Neuroanatomical Software Packages ......................................................17
2.1 Introduction ................................................................................................................. 17
2.2 Literature Review ......................................................................................................... 17
2.3 Conclusion .................................................................................................................... 35
2.4 References ................................................................................................................... 36

3. Masks2Metrics: A Standalone Morphometry Tool ......................................................37
3.1 Introduction ................................................................................................................. 37
3.2 Masks2Metrics ............................................................................................................. 38
3.2.1 Thickness ............................................................................................................... 39
3.2.2 Surface area .......................................................................................................... 39

ix

3.2.3 Volume .................................................................................................................. 39
3.2.4 Relevant publication and online information ....................................................... 40
3.3 Conclusion .................................................................................................................... 51
3.4 References .................................................................................................................... 52

4. A Ground Truth Dataset and Parcellation Protocol..................................................... 53
4.1 Introduction.................................................................................................................. 53
4.2 Manually-Parcellated Data and Gyral Protocol Accounting for All Known Anatomical
Variability ........................................................................................................................... 53
4.2.1 Authors .................................................................................................................. 53
4.2.2 Affiliations ............................................................................................................. 54
4.2.3 Abstract ................................................................................................................. 54
4.2.4 Background & summary ........................................................................................ 54
4.2.5 Methods ................................................................................................................ 56
4.2.5.1 Dataset methods ............................................................................................ 56
4.2.5.2 Protocol methods ........................................................................................... 60
4.2.5.3 Code availability ............................................................................................. 63
4.2.6 Data records .......................................................................................................... 64
4.2.7 Technical validation ............................................................................................... 66
4.2.8 Usage notes ........................................................................................................... 73
4.2.9 Author contributions ............................................................................................. 73
4.2.10 Acknowledgements ............................................................................................. 74
4.3 Conclusion .................................................................................................................... 74
4.4 References .................................................................................................................... 75

5. Cortical Parcellation and Implications........................................................................ 79
5.1 Introduction.................................................................................................................. 79
5.2 A Controlled Comparison of Thickness, Volume and Surface Areas From Multiple
Cortical Parcellation Packages ............................................................................................ 79
5.2.1 Authors .................................................................................................................. 79
5.2.2 Affiliations ............................................................................................................. 79
5.2.3 Abstract ................................................................................................................. 79
5.2.4 Keywords ............................................................................................................... 80
5.2.5 Background ............................................................................................................ 80

x

5.2.6 Methods ................................................................................................................ 82
5.2.6.1 Subjects .......................................................................................................... 82
5.2.6.2 Data acquisition ............................................................................................. 82
5.2.6.3 Materials ........................................................................................................ 83
5.2.6.4 Parcels, metrics and statistical analysis ......................................................... 84
5.2.7 Results ................................................................................................................... 86
5.2.7.1 Cortical thickness ........................................................................................... 86
5.2.7.2 Cortical volume .............................................................................................. 91
5.2.7.3 Surface area ................................................................................................... 98
5.2.8 Discussion............................................................................................................ 104
5.2.9 Conclusions ......................................................................................................... 108
5.2.10 Authors' contributions ...................................................................................... 108
5.2.11 Acknowledgements........................................................................................... 109
5.2.12 Endnotes ........................................................................................................... 109
5.3 Conclusion .................................................................................................................. 110
5.4 References ................................................................................................................. 110

6. Discussion and Conclusion ....................................................................................... 115
6.1 Know your tools ......................................................................................................... 115
6.1.1 Parcellation-related findings ............................................................................... 115
6.1.2 Metrics-related findings ...................................................................................... 116
6.1.2.1 Thickness, volume, and surface area ........................................................... 116
6.1.2.2 Metrics complimentarity .............................................................................. 117
6.2 Package impact and implications ............................................................................... 118
6.3 References ................................................................................................................. 120

Appendix A. A Manual Segmentation Protocol for Cortical Gyri .................................... A-1
Appendix B. Figures for Chapter 5 ................................................................................ B-1

xi

xii

1. Introduction
1.1 Parcellation
1.1.1 Parcellation history
Parcellation is the process of subdividing the brain into distinct meaningful regions, or
parcels. It has been long sought by neuroscientists in the quest for understanding brain
anatomy, its relation to function, and changes that transpire with ageing, disease, or injury.
A variety of parcellation approaches have been proposed for over a century , producing
distinct and contiguous parcels based on differences in micro-architecture (cyto- and
myeloarchitecture), macro-architecture (whole brain connectivity), and/or function.

In the mid-19th century, two main theories aimed at explaining how the brain works. One
theory proposed that all brain regions function together as a whole (Hughlings-Jackson,
1866), while the other proposed that different regions play different roles. The first scientific
attempt at localizing a subregion of the human brain to a specific cognitive function, or
functional localization, was performed by Broca, a French surgeon and anatomist, in the
1860s. Following autopsies on 2 patients with reduced productive speech, he identified
lesions in the same part of the left inferior frontal gyrus in both (Broca, 1861a, 1861b, 1861c),
and in subsequent patients (Broca, 1865), thereby associating this region with language. The
region became later known as Broca’s area. Wernicke’s (Wernicke, 1874) later work to
identify the area responsible for processing and speech and understanding language
(Wernicke’s area) was equally significant.
The concept of full brain parcellation was first proposed by anatomists at the start of the 20th
century. Following the work started by Santiago Ramón Y’Cajal in identifying the different
cells of the brain (see (de Castro, Lopez-Mascaraque, & De Carlos, 2007) for a review), they
investigated the human cortex’s microarchitecture, examining cellular characteristics such as
packing density, cell shape, and laminar patterns. Using histology, Brodmann identified 52
distinct regions in the mammal brain, only 44 of which were observed in the human brain.
Areas were numbered in the order in which they were studied (Brodmann, 1905, 1909;
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Brodmann & Bruns, 1914). For example, the aforementioned Broca’s area corresponds
(broadly) to Brodmann areas 44 and 45.

Brodmann’s map paved the way for a plethora of anatomical and functional
correlations/associations to be identified. Further subdivisions and variations of Brodmann’s
map were proposed by Vogt and (over 200 regions), Sarkisov, and Geyer’s groups (Geyer,
Matelli, Luppino, & Zilles, 2000; Sarkisov, Filimonoff, Kononowa, Preobraschenskaja, &
Kukuew, 1955; Vogt & Vogt, 1919) but are less popular. Campbell (less than 20 regions,
(Campbell, 1904)) and von Economo and Koskinas (von Economo & Koskinas, 1925) proposed
alternative cortical maps to that of Brodmann’s, and with the latter naming additional
subregions in areas where laminar organization was seen to vary. Flechsig (Flechsig, 1901,
1920) on the other hand, developed an ontogenetic map identifying the order in which
axonal myelination occurs.

These early cytoarchitectonic investigations, however, had several weaknesses. They were
based on only one or few brains, and therefore did not consider intersubject variability.
Furthermore, they were generally limited to the visible part of the cortical surface, or gyral
crowns, with no information on the sulcal depths (Zilles & Amunts, 2010), creating mixed
opinions on the correspondence/associations between cytoarchitectonics and functional
data. Despite that, however, they served as a crucial starting point for the development of
cortical maps, and are still valued and referenced to this day.

The introduction of computed tomography (CT) in 1972, and its ability to localize lesioned
areas in patients led to the resurgence of anatomo-functional correlational studies. Magnetic
resonance (MR) followed in the 1980s, along with numerous tissue classification techniques
(Alfano et al., 1997; Fletcher, Barsotti, & Hornak, 1993) paving the way for parcellation maps.
Then, with the introduction of spatial normalization techniques (Friston et al., 1989; Holden,
2008), templates for group analysis, such as the (MNI) ICBM template (Mazziotta et al., 2001;
Mazziotta, Toga, Evans, Fox, & Lancaster, 1995), were developed. Amuntz and Zilles (Amunts
& Zilles, 2001) proposed using multivariate statistical analysis to account for intersubject
variability and created a range of cytoarchitectonic maps in standard (MNI) space (Eickhoff
et al., 2005) that are typically distributed along with data analysis packages. These modern
cytoarchitectonic maps are complemented with a variety of other parcellation templates, for
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instance based on white matter using diffusion tensor imaging (e.g., (Mori, Oishi, & Faria,
2009)), diffusion-based connectivity maps (H. Li et al., 2017), or deep grey matter maps (Lim
et al., 2013).

In addition to tissue-based parcellation maps, macroanatomical parcellation maps have been
proposed. The earliest FreeSurfer maps (Detrieux, (Fischl et al., 2004)), for example, were
gyral based, with regions defined by what is visible from the outside. Consequent maps
include the Desikan-Killiany (DK, (Desikan et al., 2006)) and Desikan-Killiany-Tourville (DKT,
(Klein & Tourville, 2012)) which are sulcal based, working with inflated cortical surfaces.
Other gyral parcellation maps were developed and distributed in many software packages
including BrainSuite’s (Pantazis et al., 2010), BrainColor ("BrainCOLOR cortical parcellation
protocol,"), MarsAtlas of BrainVISA (Auzias, Coulon, & Brovelli, 2016; Auzias et al., 2013).

With the advances in non-invasive medical imaging approaches and the ability to process
multiple modalities, connectivity parcellation maps were also developed to identify
functionally distinct regions based on the concept of “connectivity fingerprints” first
introduced by Passingam (Passingham, Stephan, & Kotter, 2002). Here, the connectivity
profile of each voxel within a region of interest (whole brain or subregion) is calculated
revealing connections between one area and a set of other areas (Passingham et al., 2002).
A range of regional and whole brain connectivity maps exists for humans (e.g., (Behrens et
al., 2003; Eickhoff & Grefkes, 2011; Igelstrom, Webb, & Graziano, 2015; Kim et al., 2010; Mars
et al., 2011; Yeo et al., 2011)) as well as a range of animals (e.g., CoCoMac for the macaque
(Bakker, Wachtler, & Diesmann, 2012) and the Allen atlas for the mouse
(http://connectivity.brain-map.org)). Seeing the need for having correspondence across the
species, Mars (Mars et al., 2016) further elaborated on the fingerprints concept to develop a
framework that can help uncover the similar areas across various species by matching their
connectivity profiles (humans and macaques). Large multimodal and resource initiatives,
such as the Human Connectome project (HCP, https://www.humanconnectome.org/) and
the European Human Brain Project (HBM, https://www.humanbrainproject.eu/en/) project,
the Brainnetome project (http://atlas.brainnetome.org/brainnetome.html (Fan et al., 2016)
have been developed to further progress image analysis approaches including parcellation.
For example, through machine learning and the HCP, Glasser’s group (Glasser et al., 2016)
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increased the number of distinct areas from 83 to 180 per hemisphere, by exploring cortical
architecture, function, connectivity and topography.

1.1.2 The bigger picture
One of the main usage of parcellation is to investigate parcel morphometry through metrics
(e.g. thickness, volume, surface area, folding), in individual subjects or large cohorts, at a
single or multiple timepoints. Given the known notion of cortical variability (Damasio, 2005;
Ono, Kubik, & Abernathey, 1990), measuring the unique characteristics (detailed in Section
1.2.3) of an individual’s parcels offers insight into their health. In the event that a diagnosis
is made or revised, the pathology can then be accurately localised and followed by targeted
treatment.

Although they can exist on their own, parcellation protocols and atlases for MR data have
mostly been incorporated into comprehensive image analysis packages which combine
registration to a common template, parcellation, as well as morphometry analysis. We shall
further elaborate on this in Section 1.2.2.

1.2 Brain Morphometry
1.2.1 Brain development
In mammals, the brain is known to develop in three main phases known as ballooning,
gyrification, and scaling. In humans, ballooning occurs in the first 20 weeks of gestation, and
is mainly characterised by ventricular enlargement radially, accompanied by brain tissue
growth tangentially. Connectivity across the cortex is limited for this phase. Gyrification then
follows, as the growth proceeds tangentially while creating folds in the cortical surface, a
phenomenon also known as buckling. Scaling is next with a balance between radial and
tangential expansion (Evans & Brain Development Cooperative, 2006). Subsequent shortand long-term changes, i.e., plasticity and ageing, occur in the human brain as well (Striedter,
Srinivasan, & Monuki, 2015). By understanding and tracking any deviations from these
expected brain development patterns, it becomes possible to highlight abnormal regions that
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may signify disease onset (Apostolova et al., 2007; Dickerson et al., 2011), brain injury
(Fagerholm, Hellyer, Scott, Leech, & Sharp, 2015), etc.

1.2.2 MR-based image analysis
As previously mentioned (in Section 1.1.2), parcellation protocols have recently been
incorporated into image analysis packages. The comprehensive packages are designed in the
form of pipelines responsible for advanced brain morphometry techniques, with many
benefits including patient diagnosis (or classification), monitoring (of disease progression),
treatment, and identification of population differences (e.g., with regards to gender, age,
disease state, handedness, cognitive abilities, etc). The focus of this thesis will be limited to
the morphometry techniques that are MR-based.

The first step of the image analysis pipeline is the application of pre-processing techniques
that are voxel- and surface-based. The voxel-based approach is intensity-based and involves
registering the brain to a common coordinate system, or template, extracting the brain from
its surrounding, MR bias field correction, then classifying the tissue into a number of classesgrey matter (GM), white matter (WM), cerebrospinal fluid (CSF), and others (Ashburner &
Friston, 2000; Dale, Fischl, & Sereno, 1999). One of many optimisation techniques are then
used to smooth (e.g., by minimizing the mean or Gaussian curvature), constrain, and improve
(e.g., age-specific templates, multimodal images (Ashburner & Friston, 2005) the surface’s
representation, some of which are better than others at preserving accuracy, particularly at
the sulcal depths (Fischl & Dale, 2000). With the tissue classified, polyhedral meshes are then
generated to represent each of the grey and white matter layers. This can be done by either
deforming a template mesh to that of the subject under investigation (Nakamura, Fox, &
Fisher, 2011; Xu, Pham, Rettmann, Yu, & Prince, 1999), or vice versa (Dahnke, Yotter, & Gaser,
2013; Dale et al., 1999; Kim et al., 2005; Shattuck & Leahy, 2002). With the latter approach,
the cortical surface is mapped to that of a sphere, revealing all aspects of the sulcal depths
that the first approach struggles to capture. The most popular way of reconstructing the
meshes is to first derive the inner cortical surface, i.e, the GM-WM interface, then deform it
to the outer cortical surface, or GM-CSF interface ( Kim et al., 2005; MacDonald, Kabani, Avis,
& Evans, 2000; Mangin et al., 2004; Shattuck & Leahy, 2002; Tosun et al., 2004); this is
because the inner boundary is clearer, and therefore easier to identify than the outer one.
Other tools start by generating a mesh of the mid-cortical layer that is less noisy than both

5

inner and outer layers ( Dahnke et al., 2013; Tosun et al., 2004; Van Essen et al., 2001).
Alternatively, BrainVISA’s latest version relies on an orthogonal coordinate system and on
identifying 48 fixed sulcal roots (Auzias et al., 2016). Regardless of how they are generated,
the surface meshes can then be modified in one of many ways (e.g., smoothing and inflation,
deformation, parametrization, and remeshing (Dahnke & Gaser, 2018). This is followed by
either a voxel- or surface-based registration to a reference template of close resemblance to
the cohort, in preparation for subsequent morphometric individual or group analysis which
we elaborate on in the next section. Other whole brain approaches such as region-based
morphometry and deformation-based morphometry have been developed as well, however
the surface-based approach has been most popular given its ability to accurately represent
the cortical surface, characterise the brain through a range of metrics (e.g., surface area,
thickness, gyrification index, fractal dimension, and sulcal depth and width), and make
simultaneous use of multiple modalities (e.g., structural, diffusion, and functional MRI). In
combination with statistical analysis, general conclusions, such as cohort classification, and
the identification of novel biomarkers to characterise a certain pathology can then be made.
Running a package’s pipeline to completion tends to be the favoured approach by image
analysts particularly as file formats (of the input and output files of each phase) tend to be
specific to each package. Therefore switching between packages is cumbersome and less
desirable.

1.2.3 Metrics
Depending on the development phase of interest, different morphometric measurements
have been proposed to investigate brain anatomy.

Surface area, for example, is useful for monitoring changes to the vertical columnar
organisation of neurons (Mountcastle, 1997), where an increase in surface becomes
indicative of an increase in the number of columns, and vice versa. It is offered by several
tools such as ANTs (Tustison et al., 2014), FreeSurfer (Dale et al., 1999; Fischl, Sereno, & Dale,
1999), BrainSuite (Shattuck et al., 2009; Shattuck & Leahy, 2002), and BrainVISA (Kochunov,
Rogers, Mangin, & Lancaster, 2012). Changes to cortical thickness on the other hand will
indicate neuronal changes within a single column. A reduction in thickness, also known as
atrophy, has been reported to occur in ageing, and the progression of neurodegenerative
disorders such as Alzheimer’s disease, frontotemporal dementia, multiple sclerosis, and
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stroke populations (Hartikainen et al., 2012; Li et al., 2015; Nygaard et al., 2015). Thickness
is measured by many packages including FreeSurfer, BrainSuite, and BrainVISA. We further
elaborate on this in Chapter 2. Although these 2 measurements (thickness and surface area)
are heritable, the sources of genetic influences for each differ, and the 2 are highly affected
by the environmental factors (Panizzon et al., 2009).

With volume, by definition, being a product of these two factors, it too has become of great
interest to researchers, and incorporated into most software packages such as FSL
(http://www.fmrib.ox.ac.uk/fsl/ , (Smith et al., 2004)), FreeSurfer, SPM (Ashburner & Friston,
2005), BrainSuite, BrainGyrusMapping, and BrainVISA.

Cortical folding, or gyrification has also been thoroughly investigated (Zilles, PalomeroGallagher, & Amunts, 2013). Larger brains, such as those of humans and baboons, have been
associated with larger degrees of folding despite a negative genetic correlation between the
two metrics (Rogers et al., 2010). FreeSurfer and BrainVISA are examples of packages that
offer this metrics.

Less popular metrics have also been proposed, such as sulcal depth and length, as indicators
of the degree of gyrification, as well as sulcal span and gyral white matter span, as indicators
of the degree of atrophy (Kochunov et al., 2012).

Although the same nomenclature is used, many of the metrics are measured differently
(Palaniyappan & Liddle, 2012; Winkler et al., 2010).

1.3 Thesis Aims
The performance of automated packages has previously been investigated in the literature,
with most of the focus being on the packages’ final outputs. In this thesis, we endeavour to
look further inside the packages by treating them as ‘open’ boxes and exploring various
aspects of their workflow.
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We first explore the literature identifying the most popular of automated image analysis tools
(Chapter 2) while focusing on the comprehensiveness and accuracy of their parcellation
protocols and potential influences.

Having identified the limitations of existing protocols in Chapter 2, we decided to develop a
more robust parcellation protocol, apply it to a novel ground truth dataset, and see how our
ground truth morphometric data compares to that of other packages, which we
accomplished in 2 stages. The first stage (Chapter 3) was the release of a standalone external
validation tool which we developed in Matlab, and named Masks2Metrics (Mikhael & Gray,
2017, 2018b), or M2M. Given the gyral grey and white matter borders, or masks, of the
ground truth regions of interest, M2M can analyse the morphometry of the ground truth
dataset through 3 commonly sought metrics- grey matter thickness, grey matter volume and
white matter surface area. The second stage (Chapter 4) was the designing of a protocol,
using 2 popular anatomical atlases, in such a way that it addresses the identified limitations
(in Chapter 2) and accounts for all known sorts of cortical variability. The protocol is for 3
cortical regions—the superior frontal gyrus (SFG), supramarginal gyrus (SMG), and cingulate
gyrus (CG)—which are affected by several neurological disorders as well as healthy ageing,
making it relevant for a broad range of researchers. By comparing our ground truth metrics
to their equivalent derived by FreeSurfer, we demonstrate the influences of cortical
variability on parcellation and any on concomitant analysis.

We

have

shared

all

aspects

of

this

work

with

the

public—Masks2Metrics

(https://github.com/Edinburgh-Imaging/Masks2Metrics, (Mikhael & Gray, 2018a), the
parcellation protocol (Mikhael, Mair, & Pernet, 2018), and the ground truth dataset (Bastin,
Wardlaw, Pernet, & Mikhael, 2017).

In the following chapter (Chapter 5), we analysed the MRI data that we used in our protocol
in FreeSurfer, BrainSuite and BrainGyrusMapping. While focusing on the 3 aforementioned
gyral parcels, we examine the tools’ consistency and how they address variability through
visual quality control and the analysis of relative metric differences. As expected, the parcels
varied greatly from one package to the other and were apparent both qualitatively and
quantitatively. We attributed the interpackage differences mainly to (1) the lack of
consistency as well as differences in landmark definitions, (2) differences in how the metrics
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are derived by each tool– highlighting the seemingly identical cortical regions and metrics
can in practice differ greatly, leading to inconsistencies in the literature.

We conclude by strongly advocating the importance of accurate parcellation protocols as
well as morphometric tools, and image analysis packages in general. By ameliorating these
tools, findings can be reliably transferred into the clinical setting to assist with patient
diagnoses, treatment, and the understanding of neurological disorders in general (Chapter
6).
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2. A Review of Neuroanatomical Software
Packages
2.1 Introduction

A large number of software packages is available to the neuroimaging community, each
offering a wide range of parcellations protocols and morphometric analysis. To explore the
similarities and differences, we conducted a literature review to identify freely available,
standalone, and well-supported packages, whose parcellation protocols we then thoroughly
investigated. Being funded by Canon Medical Research Europe (formerly Toshiba Medical
Visualisation Systems Europe), we also investigated their private tool, BrainGyrusMapping,
whose parcellation protocol is publicly available (Murphy, Mohr, Fushimi, & Poole, 2014).

2.2 Literature Review

Our literature review has now been published in a special issue of NeuroImage entitled
Segmenting the Brain (Mikhael, Hoogendoorn, Valdes-Hernandez, & Pernet, 2018).
Mikhael, S., Hoogendoorn, C., Valdes-Hernandez, M., & Pernet, C. (2018). A critical analysis
of neuroanatomical software protocols reveals clinically relevant differences in
parcellation

schemes.
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A high replicability in region-of-interest (ROI) morphometric or ROI-based connectivity analyses is essential for
such methods to provide biomarkers of good health or disease. In this article, we focus on package design, and
more speciﬁcally on cortical parcellation protocols, for novel insight into their contribution to inter-package
diﬀerences. A critical analysis of cortical parcellation protocols from FreeSurfer, BrainSuite, BrainVISA and
BrainGyrusMapping revealed major limitations. Details of reference populations are generally missing, cortical
variability is not always explicitly accounted for and, more importantly, deﬁnition of gyral borders can be
inconsistent. We recommend that in the package selection process end users incorporate protocol suitability for
the ROIs under investigation, with these particular points in mind, as inter-package diﬀerences are likely to be
signiﬁcant and the source of incompatibility between studies’ results.

Introduction
It is of great interest to understand the brain morphology in
particular populations, to link structure to function, e.g. speciﬁc
behaviours in health or disease. The cortical surface of the human
brain, depicted by many peaks and troughs, otherwise known as gyri
and sulci, is thought to relate to many human traits (Sabuncu et al.,
2016). Because manual delineation, or segmentation, of anatomical
structures is a tedious and unreliable process that heavily relies on user
expertise, automated methods have become more popular to study
brain morphology or simply parcellate the brain for subsequent
analyses (Eickhoﬀ et al., 2015). These methods are implemented
mainly in two phases: preprocessing and parcellation. During preprocessing, data are prepared using a suitable image registration method,
skull stripping, bias ﬁeld correction, and some form of tissue classiﬁcation (also known as segmentation). At the end of this phase, each of the
volume's voxels are assigned to either the grey matter (GM), white
matter (WM), cerebrospinal ﬂuid (CSF) or other class(es). During the
parcellation phase, sub-regions are segmented and labeled based on
the atlases and algorithms incorporated into the software. The preprocessing phase is usually automated, although driven by userspeciﬁed parameter values for its algorithms. The cortical parcellation
phase can be either semi- or fully-automated, but often allows manual
editing. Corresponding morphometric measurements usually accom-

⁎

pany the segmented parcels. They classically include cortical thickness
(Fischl and Dale, 2000), sulcal length (Kochunov et al., 2012), volume
(Murphy et al., 2014; Shattuck and Leahy, 2002), sulcal depth
(Kochunov et al., 2012), and surface area (Fischl and Dale, 2000).
These results are then entered into statistical analyses looking at
population features (e.g., Resnick et al., 2000; Rettmann et al., 2005;
Kochunov et al., 2007, 2008), and can serve as biomarkers or form the
basis of classiﬁers for various diseases (Apostolova et al., 2007;
Bakkour et al., 2008; Cuingnet et al., 2011; Dickerson et al., 2011;
Schmitter et al., 2015; Sueyoshi et al., 2006). It is therefore crucial to
understand how parcellation is established: whether the parcellation
protocols accommodate anatomical variability, and how they vary
across software packages.
Software diversity
We searched the literature for brain parcellation software, seeking
longstanding and widely used brain parcellation tools. Up to November
2012, we identiﬁed 22 packages in total, with 23 protocols (Fig. A.1),
which can be classiﬁed into 3 categories: (1) manual segmentation
(n=3), (2) cortical parcellation and automatic sulcal identiﬁcation
(n=11), and (3) cortical parcellation and/or classiﬁcation (n=9). All
packages but two segmented the entire cortical surface (or more), while
the two only segmented the corpus callosum (Automatic Registration
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borders could very likely be mis-interpreted, with a knock-on eﬀect on
all associated and adjacent structures, ROI volumes and their corresponding morphometrics. Variability therefore becomes a source of
uncertainty, be it for the atlas generator (typically a manual delineation
of the 'ground truth'), the software developer, or the software end-user.
To best understand the forms in which cortical variability may
present itself, and to later identify how they are dealt with by the
various packages, we used Ono et al.'s comprehensive anatomical atlas
(Ono et al., 1990). The colleagues log their ﬁndings with regards to the
normal-appearing hemispheres of 25 ﬁxed human brain specimens of
unknown age and gender. This includes incidence rates per hemisphere, and a detailed description of the types of variability for each
structure, which we summarize in Table A.1. They identify ﬁve general
types of variability in sulci (double sulci, branching, sulcal interuption,
connection, and absence) that are prevalent throughout the cortical
surface, illustrated in Fig. 1, as well as one type of gyral variability
(absence).
A double sulcal pattern is one where two sulcal curves are referred
to using identical, rather than diﬀerentiable, nomenclature. The
pattern's occurrence is greatest in the cingulate and calcarine sulci.
Examples of this as well as of sulcal branching at the cingulate sulcus
can be seen in Fig. 1a. For various reasons, sulcal interruptions occur at
diﬀerent levels, leaving the sulcus in several segments rather than one
(Fig. 1b). Sulcal connections (Fig. 1c, d) occur when two or more sulci
connect to one another. The highest sulcal absence is in the lunate
sulcus, for both hemispheres. Absence of the cingulate gyrus and
corpus callosum is also noted by Ono and his colleagues, but with no
mention of incidence rates as it is a rare congenital disorder.
Given the range of anatomical possibilities, it becomes apparent
that several questions can be asked when studying protocol details to
best understand the variability measures taken: (1) with a double
(rather than a single) sulcus, are both sulci delineated, or just one? If
one, then which one? And if both, then how? By two separate curves or
by one long curve joining both, or perhaps parts of both? (2) with sulcal
branching, where are the sulcus’ start and end points, and which of the
branches are to be included? (3) with sulcal interruptions, where a
sulcus consists of several curves rather than one, are one, several, or all
interruptions considered? Furthermore, are all the considered interruptions assigned the same nomenclature? Are they considered independent segments, which together make up the interrupted sulcus,
or are they joined to one another perhaps by an 'optimal' or 'minimal
cost' path? (4) with sulcal connections, where is the endpoint of one
sulcus and starting point of the next? It is not always obvious, (5) in the
event that a sulcus is absent, yet is deﬁned in the protocol as a
landmark bordering a particular region, which alternative structure is
to serve as the new border? An example of this scenario is the lunate
sulcus, which borders the caudal end of the middle occipital gyrus
when present ([p. 74] Ono et al., 1990; [pp. 7, 19] Duvernoy, 1999).
Similarly, the fronto-orbital sulcus ([pp. 92–93] Ono et al., 1990), also
referred to as the lateral orbital sulcus, divides between the pars
orbitalis (of the inferior frontal gyrus) and the lateral orbital gyrus ([p.
10] Duvernoy, 1999) and may be absent.

Toolbox (ART), Ardekani et al., 2007) and hippocampus (Automatic
Hippocampal Estimator using Atlas-based Delineation (AHEAD)1),
respectively. Similarly, all packages but two– BrainVoyager (Goebel,
2012) and PMOD (Mikolajczyk et al., 1998) – were freely available.
Three packages were limited in terms of user support, documentation,
recent updates, and/or user-friendliness (BrainImageJ (Ng et al.,
2001), 3D Slicer2 (Fedorov et al., 2012), and Computerized
Anatomical Reconstruction and Editing Toolkit (CARET, Van Essen
et al., 2001)). A further four only performed tissue classiﬁcation of the
brain: CIVET,3 Metabolite Imaging and Data Analysis Software
(MIDAS, Maudsley et al., 2006), ITK-SNAP4 (Yushkevich et al.,
2006), and Bazin et al. (Bazin et al., 2007). One package relied on
external toolboxes (Statistical Parametric Mapping, SPM,5 Ashburner
and Friston, 2005), while another had an accuracy rate for sulcal
identiﬁcation as low as 34% according the authors (Sulcal Extraction
and Labelling, SEAL, Goualher et al., 1999), and yet another only ran
on the Web (Ontology-based hybrid system, OBHS, Mechouche et al.,
2008). The range of parcellation protocols for outlining ROIs was
diverse across the packages, with most packages oﬀering more than one
protocol to choose from. Restraining the search to packages that
parcellate the entire cortical surface, are freely available, are current,
run independently of external toolboxes, have been proven highly
successful following (at least) internal validation, are backed by a
strong support community, and can be run on a local platform
(eliminating web-based tools because of lack of information on data
security), only 3 packages were identiﬁed: FreeSurfer, BrainSuite
(Shattuck and Leahy, 2002; Shattuck et al., 2009) and BrainVISA.
A Science Direct search in NeuroImage and NeuroImage Clinical
journals, from November 2014 to November 2016, for articles mentioning these 3 packages' names in either the abstract, title or keywords
yielded 43 hits for FreeSurfer (1 speciﬁc reference to the DesikanKilliany protocol, (Desikan et al., 2006), 0 to the Destrieux protocol,
(Fischl et al., 2004), 0 to the Desikan-Killiany-Tourville protocol (Klein
and Tourville, 2012) – see discussion for further details), 0 hits for
BrainSuite, and 1 hit for BrainVISA. A broader search for these terms,
in all article ﬁelds, yielded 387 hits for FreeSurfer (with 83 speciﬁc
references to the Desikan-Killiany protocol, 28 to the Destrieux
protocol and 7 to the Desikan-Killiany-Tourville protocol), 12 hits for
BrainSuite, and 16 hits for BrainVISA.
Cortical variability
Anatomical variability is greatly acknowledged and documented in
the literature (Ono et al., 1990; Damasio, 2005). It is generally
attributed to variations in the lengths and curvature of gyri or sulci
or both, which in turn aﬀect the properties of ROIs. Deﬁning such
regions is not a trivial issue, as most atlases do not deﬁne, or at least
not consistently, where their gyri and sulci begin and end. This
inconsistency is partly due to diﬀerences between the sources of
information that atlases integrate: molecular architectonics (Ding
et al., 2016; Essen et al., 2016; Glasser et al., 2016; Yates, 2016;
Zhang et al., 2016), fMRI, diﬀusion tensor imaging among others (Toga
et al., 2006; Essen et al., 2016). In addition, anatomical diﬀerences
typically exist between a subject's left and right hemisphere (Ono et al.,
1990; Purves et al., 2001), and shape asymmetry has been associated
with ageing and disease, such as Alzheimer's disease, both histologically (Stefanits et al., 2012) and analytically (Long et al., 2012;
Thompson et al., 2007). In the event that a parcellation protocol does
not accurately address all possible variability scenarios — which is
likely impossible — the ﬁne parcellation details remain unknown. Gyral

Accounting for variability in software design
Software packages have been compared to one another in numerous
ways in the past, mostly with focus on either the output of one
particular step (e.g., registration, brain extraction, etc.) or on the ﬁnal
package output. Klauschen et al., (2009) and Zhong et al. (2010)
evaluated corresponding ROI morphometrics across diﬀerent
packages, while Cardinale et al., (2014) compared the morphometrics

1

http://www.nitrc.org/projects/ahead/
http://www.slicer.org
3
http://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET
4
www.itksnap.org
5
http://www.ﬁl.ion.ucl.ac.uk/spm/
2
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Fig. 1. Examples of sulcal patterns in a T1-weighted image of a middle-aged male subject (http://psydata.ovgu.de/studyforrest/structural/sub-01/) include: (a) a double sulcal pattern
(arrows) and sulcal branching (stars) in the cingulate sulcus, (b) sulcal interruptions of the cingulate sulcus, (c) a side-to-side connection between the precentral and central sulci, and (d)
an end-to-end connection between the cingulate and superior rostral sulci (Mikhael, 2017).

to their corresponding histological measurements. Other groups have
investigated diﬀerences in ROI alignment (Pantazis et al., 2010) as well
as concordance across atlases by grouping together several regions of
one atlas to match them to their equivalent in another (e.g., Bohland
et al., 2009). In this article, rather than focusing on package output, we
have chosen to focus on the packages' design. In particular, we look at
the parcellation protocols' underlying details and assumptions, providing a new understanding of why and how inter-package diﬀerences are
observed. While Bohland et al. (2009) show that concordance cannot
always be achieved considering regional overlap after mapping to a
canonical space, here we show why, by characterizing the diﬀerences in
the methodologies, atlases and border deﬁnitions adopted by each
package.
Cox et al. (2013) have done similar work in the past, although
limited to the frontal lobe and subregions. With growing interest from
the community in ageing and dementia, which have an eﬀect on the
entire cortical surface, we looked at diﬀerences for the whole brain and
5 regions of interest. We further contribute to identifying if and how
landmark variability is addressed for each of these regions, thereby
highlighting protocol challenges and potential pitfalls. We conclude by
highlighting the importance of protocol transparency, accuracy and
reproducibility and its implications, calling for open discussion on
addressing this critical issue. The protocols we investigate are those of
the three aforementioned packages (FreeSurfer, BrainSuite and
BrainVISA), freely available to researchers and the general public, in
addition to that of a novel fourth package, BrainGyrusMapping
(Murphy et al., 2014), developed by our funders for the MICCAI
2012 Grand Challenge. Although BrainGyrusMapping is a private
package, its brain parcellation protocol is publicly available.

Desikan-Killiany (DK, Desikan et al., 2006) and the Destrieux (Fischl
et al., 2004; Destrieux et al., 2010) reference atlases are used. The ﬁrst
is a cortical parcellation atlas; the second is both a cortical and
subcortical atlas. The latter, however, segments the cortical surface
into parcels based on local mean curvature and average convexity, in
such a way that it separates what is visible on the outside of the pial
surface from the remaining deeper parts of that surface. This at times
generates parcels which consist of (1) both a gyrus and adjacent sulcus
(e.g., cingulate gyrus and sulcus, inferior occipital gyrus and sulcus) or
(2) a part of a gyrus, or a sub-gyrus. Both scenarios are undesirable as
such parcels, and corresponding morphometrics, will be incomparable
to their near ‘equivalents’ in other packages or in the literature without
a signiﬁcant amount of modiﬁcation to the parcels. We therefore
consider the Destrieux atlas beyond the scope of this article and solely
focus on FreeSurfer's DK atlas. For BrainSuite, Pantazis et al. (2010) is
the article of relevance, in which the sulcal curves atlas is detailed. It is
an adaptation of the pre-existing LONI curve protocol and is based on 3
references- Damasio (2005), Duvernoy (1999), and Ono et al. (1990).
For BrainVISA, the Ono et al. (1990) atlas is used to identify the sulcal
segments, or “sulcal roots”, which are present throughout the lifetime
of a human, and are the least variant. The sulcal roots model is detailed
in (Régis et al., 2005). A recently-developed gyral atlas (Auzias et al.,
2016) is also available; it is based on the sulcal model as well as the
orthogonal coordinate system of Auzias et al. (2013). For
BrainGyrusMapping, the brainCOLOR whole-brain protocol is used,
as detailed by Neuromorphometrics.6 We investigated additional
articles or anatomical atlases when the original protocol articles
reference them but omit the details. These additional references are
listed in Table A.2.
For each cortical parcellation protocol, we have identiﬁed and
compared several factors that signiﬁcantly inﬂuence parcellation
procedures:

Materials and methods
For a comprehensive understanding of each of the 4 software
packages’ parcellation details and protocols, we studied the articles and
user guides referenced by the packages, then identiﬁed the parcellation
protocol(s) adopted by each package, as well as the manner in which
these protocols are incorporated into the software. For FreeSurfer, the

•

the details of the population(s) used to generate the atlases- e.g.,
ethnicity, age, sex, handedness, health, etc. and the number of
parcellated atlases and reference populations adopted by the
package. These details are essential for an end-user as they help

6
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•

•

•

identify whether or not the package developers have factored in their
particular population of interest, and in turn, package suitability.
the nature of the protocol. First, we looked at the number of cortical
structures, and number of gyri and sulci. Second, we identiﬁed
whether the protocol was gyral- or sulcal-based. In gyral-based
protocols, a gyrus runs from the deepest point of one sulcus to the
deepest point of the next sulcus. A sulcus is represented by a line
running along the deepest part of the surface, or the fundus. In
sulcal-based protocols, a gyrus is limited to the visible part on the
cortical surface, and a sulcus is made of the sulcal banks and fundus.
whether or not anatomical variability is considered and addressed
by the software, with guidance from Ono et al. (1990). To this day,
this anatomical atlas is highly revered and regularly referenced by
researchers and neuroscientists worldwide; it is also referenced by
the 4 software packages we are examining and is often considered
the ground truth. The authors deﬁne this variability as a consequence of variations in sulci and gyri. Sulcal variability is referred to
in the form of double sulci (and double gyri), the absence of sulci,
sulcal branching, sulcal interruptions, or sulcal connections. Gyral
variability, i.e., single versus double, is also discussed. Here we
identiﬁed to what degree this variability was addressed in each of the
packages and the implications. We further attempted to answer the
questions we pose at the end of the Introduction, although it became
apparent that most of these questions will remain unanswered.
the clarity in ROI border deﬁnitions. ROIs that are deﬁned relative
to speciﬁc non-gyral landmarks (such as notches or sulci), have very
clear borders, whereas those deﬁned relative to other gyri have
ambiguous borders. Clarity in border deﬁnitions was assessed
generally (all ROIs), and speciﬁcally for 5 gyral ROIs- superior
frontal gyrus (SFG), cingulate gyrus (CG), supramarginal gyrus
(SmG), inferior temporal gyrus (ITG), and precentral gyrus (PrG).
We did this by noting the anterior/rostral, posterior/caudal, medial,
lateral, superior, and inferior borders for each ROI and each
parcellation protocol, where available, thereby clarifying the level
of accuracy with which they are deﬁned. The ROIs were chosen on
the basis that they (1) are situated in the various cortical lobes, (2)
have been reported to be of signiﬁcance for ageing (Thambisetty
et al., 2010) and various types of dementia (Bakkour et al., 2008,
Boccardi et al., 2005, Jones et al., 2005, Rosen et al., 2002), and (3)
vary with gender (Thambisetty et al., 2010, Sowell et al., 2006).

are also missing. BrainSuite lacks most patient demographics. They
also have limited their sulcal curve atlas to a very young population
(mean age 26) all of whom are similar in age (22–28). Also, little is
known about their single-subject parcellated atlas, aside from the
gender and rough age estimate. We know that BrainVISA's sulcal
model is based on a dataset of 62 mostly right-handed men ranging in
age from 25 to 35, and scanned at 1.5T (Rivière et al., 2002; Perrot
et al., 2011). A list of subject sources is identiﬁed, however it is unclear
which subjects belong to each. Therefore their health and demographic
details, as well as exact ages are unknown. Furthermore, the ﬁrst step
in developing their gyral model, or MarsAtlas, involved creating an
average sulcal roots template based on 138 subjects. Details on these
subjects were obtained from (Auzias et al., 2015), however their
demographics are unknown, although could be extracted if provided
with their original identiﬁcation number linking them to the OASIS
cross-sectional database (Marcus et al., 2007) to which they belong.
BrainGyrusMapping is also missing population ethnicity, although it
does provide education level and socioeconomic status for more than
half of the subjects.
Atlas sizes varied widely as well. Out of the 4 packages, BrainSuite
used the least number of subjects (12) for their sulcal curves atlas and
BrainVISA used the most (138) for their gyral parcellation atlas.
Generally speaking, larger atlases could incorporate a larger variety
of populations and diﬀerent sorts of variability, generating greater
conﬁdence in a tool. Although for the case of multi-atlas labelling
approaches, such as BrainGyrusMapping, this comes with the trade-oﬀ
of longer runtime for the end user.
Whole brain parcellation
Parcellation details with regards to the methods, number of
structures per region and what constitutes each structure vary greatly
across the packages. Details of the parcellation protocols are summarized in Table 2.
On the whole brain scale, it can be noted that the number of cortical
parcels ranges from as little as 68 in FreeSurfer to 98 in
BrainGyrusMapping. Methods vary greatly as well. FreeSurfer uses
probabilistic labeling and spherical registration to parcellate volumes
at the inﬂated GM/WM layer, then grows them to the outer GM/CSF
layer. BrainSuite, in contrast, ﬁrst identiﬁes 26 sulcal landmarks based
on a sulcal atlas, then uses these landmarks to register volumes to a
parcellated atlas. Although these sulci are part of the parcellation
protocol, they are not incorporated into the results, i.e., they are neither
segmented nor measured. One is therefore limited to gyral analysis
when working with this package. BrainVISA, on the other hand
identiﬁes both the sulcal segments (48 per brain) and gyral parcels
(82 per brain) at the GM/WM layer, in several stages, before growing
them to the outer GM/CSF layer via the watershed algorithm. In all
four packages, the gyral parcels, or gyral volumes, are regions bound by
the grey matter, or pial, layer on the exterior, and the WM layer on the
interior (Fig. 2).
All packages are gyral-based, with the exception of BrainVISA. Until
the beginning of 2016, BrainVISA's parcellation was sulcal-based, but
can now be followed by a gyral-based approach (version 4.5, Auzias
et al., 2016). BrainVISA's sulcal parcellation is based on a unique
orthogonal coordinate system, or the HIP-HOP parametrization model
(Auzias et al., 2013, 2016), relying on the theory of orthogonal
distribution of the sulcal roots from early life, and their minimal
variability throughout a lifespan and between subjects (Régis et al.,
2005; Toro and Burnod, 2003). The model's 48 sulci are distributed
along either the system's latitudes or longitudes, representing their

Results
All parcellation protocols serve a similar main purpose, that being
the parcellation of the cortical surface into meaningful regions. How
this is achieved, however, varies from one package to the next. This
section summarizes the main diﬀerences that we identiﬁed between the
4 tools, with focus on population demographics, parcellation details, in
terms of atlases, our understanding of how variability has been
accounted for by each software, and ﬁnally, landmark and border
clarity details for each protocol.
Population demographics
Population details were generally lacking, at least partially, from all
4 packages we evaluated (Table 1). In FreeSurfer it was the Clinical
Dementia Rating (CDR- Morris (1993)) of the participants constituting
groups 3 and 4 (age 66 and over), despite the mention of CDR being
obtained for participants over the age of 60 in the article. This rating is
of interest to those active in dementia research for classiﬁcation
purposes. Handedness and demographic characteristics of all subjects

351

21

352

right-handed

education: missing for 9 subjects
socioeconomic status: missing for 11 subjects
ethnicity: u/k
OASIS cross-sectional database

Siemens 1.5T Vision, T1-weighted MPRAGE
scans

Handedness

Other demographics

Scan details

Source

considered

Cognitive status

Siemens 1.5T Vision, T1-weighted MPRAGE
scans

Alzheimer's Disease Research Centre,
Washington University

u/k

u/k

4 groups:
10 young adults: 21.5, 19–24, 6F/4M
10 middle-aged adults: 49.8, 41–57, 7F/
3M
10 elderly adults: 74.3, 66–87, 8F/2M
10 patients with Alzheimer's Disease:
78.2, 71–86, 5F/5M
CDR of patients u/k

4 groups: n, CDR
no dementia: 15, 0
very mild dementia: 3, 0.5

mild dementia: 1, 1
unknown CDR: 9, u/k, but < =55years

u/k, 18–87, 26F/14M

u/k, 30–96, 16F/12M, ~4/decade

Mean age, age range, female/ male
ratio, other
Stratiﬁed

40

28

FreeSurfer, Desikan-Killiany atlas

# subjects (n)

BrainGyrusMapping

sulcal atlas: Dornsife Cognitive Neuroscience
Imaging Center, USC
gyral atlas: BCI-DNI brain, Dornsife Cognitive
Neuroscience Imaging Center, USC
sulcal atlas: 3T Siemens, T1-weighted MPRAGE
scans
gyral atlas: 3T Siemens, MPRAGE scan

u/k for both atlases

right-handed for both atlases

u/k for both atlases

sulcal atlas: 12
gyral (BCI-DNI_brain) atlas: 1
sulcal atlas: 26, 22–28, 6F/6M
gyral atlas: mid-30s, mid-30s, 1F/0M
no

BrainSuite

Table 1
A summary of population demographics for each of the 4 software packages- BrainGyrusMapping, FreeSurfer, BrainSuite and BrainVISA. u/k: unknown.

gyral atlas: OASIS cross-sectional
database
sulcal atlas: scanner strength unknown,
T1-weighted scans
gyral atlas: Siemens 1.5T Vision, T1weighted MPRAGE scans

sulcal atlas: u/k

sulcal atlas: u/k
gyral atlas: healthy
sulcal atlas: mostly right-handed
gyral atlas: right-handed
u/k for both atlases

sulcal atlas: 62
gyral atlas: 138
sulcal atlas: u/k, 25–35, 0F/62M
gyral atlas: 23, 18–34,69F/69M
no

BrainVISA
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2. sulcal roots and orthogonal coordinate system used to
identify gyral parcels based on BAs of Talairach atlas

corresponding rostrocaudal or dorsoventral orientations as noted in
the literature. Sulcal root locations are identiﬁed with a probabilistic
atlas, or Statistical Probabilistic Anatomy Map (SPAM) model (Evans
et al., 1994; Perrot et al., 2011), made of 62 subjects’ right and left
hemispheres. Gyral parcellation could optionally follow as per the
recently released MarsAtlas (Auzias et al., 2016). The model is an
average template of 138 subjects, with 41 gyral parcels deﬁned per
hemisphere. The parcels are bound by a combination of the previously
identiﬁed sulcal roots and the latitudes and longitudes constituting the
orthogonal coordinate system.
Accounting for variability

2. expectation-maximization and probabilistic
labeling

1. hierarchical atlas clustering using maximum
of 27-subject atlas

1. probabilistic labeling using spherical
statistical atlas of 40 subjects

At the methods level, variability is considered by FreeSurfer in
several ways including, ﬁrst, a probabilistic labelling algorithm (Fischl
et al., 2002, 2004) and a spherical atlas, used to generate its labelled
40-subject atlas; second, an inﬂated cortical surface concept, allowing
for missed details, such as the deep sulcal grooves, to be incorporated
into the atlas; if desired, missed details on new subjects can be ﬁxed
manually by the end-user and the software can be re-run; third, with
the broad age range and population mix for the atlas.
BrainSuite developers also acknowledge the need to address
anatomical variability and have done so with their automated tool,
which follows a curvature-weighted lowest cost path algorithm to
identify the sulcal landmarks of their 12-subject atlas (Joshi et al.,
2010). This fast algorithm is expected to provide great accuracy and
reduced inter-rater variability. The atlas is limited to the same 26 sulci
per subject, intentionally chosen on the basis that they are situated
throughout the brain and are found in all subjects.
BrainVISA addresses unusual anatomy by solely identifying the
least variant of sulcal roots at the macroscopic scale- 63 in the left
hemisphere and 62 in the right hemisphere- in its ﬁrst step. They are
then grouped giving each subject 24 sulci per hemisphere. By excluding
the more variant sulci from the process, it is expected to accurately
identify these consistent 24, despite the variability that may arise
elsewhere, and despite its source or location (Perrot et al., 2011). The
orthogonal coordinate system, which then follows to identify the
various gyral parcels, also shows versatility by not relying on an
average atlas representing a limited number of cohorts and disorders
(Auzias et al., 2016).
Like in FreeSurfer, the selection of subjects constituting
BrainGyrusMapping's (maximum of) 28-subject atlas contributes to
variability consideration. Furthermore, the use of hierarchical atlas
clustering identiﬁes the most suitable of atlases for the registration

Stages

40-subject gyral atlas, manually semgented
by 1 blinded person
maximum of 28-subject gyral atlas, manually
segmented

Fig. 2. A coronal view showing cortical parcels with the pial layer as their exterior
boundary and the WM layer (in yellow) as their interior boundary (Mikhael, 2017).

1. automated identification of 26 sulcal
landmarks by regisration to 12-subject sulcal
curves atlas
2. brain segmentation guided by 26 sulcal
landmarks

based on modified version of 138-subject average template,
automatically-extracted sulcal roots, and orthogonal
coordinate system
1. probabilistic labeling for sulcal landmark identification

n/a
gyral-based
n/a
gyral-based

sulcal span
sulcal- and/or gyralbased
atlas(es)

12-subject sulcal curves atlas, manually
segmented; checked by expert neuroanatomist

none
GM surface to WM surface

none
GM surface to imaginary plane joining sulcal
depths
mid-cortical surface
gyral-based
up to 12 anatomical landmarks/brain
GM surface to WM surface
other structures
gyral span

WM surface
sulcal- and gyral-based

48 sulcal roots
76

2 (banks of the superior temporal sulcus,
also included in # of cortical structures)
‘unknown’ structures
GM surface to inflated WM surface
0

0
40

45

# subcortical
structures/brain
# sulci/brain

82: 8 orbitofrontal, 26 frontal, 16 parietal, 12 temporal, 10
occipital, 8 cingular, 12 insular
90

68: 22 frontal (including 4 orbito-frontal),
10 parietal, 18 temporal, 8 occipital, 8
cingular
0
98: 26 frontal, 12 parietal, 16 temporal,16
occipital, 10 limbic
Parcellation details
# cortical structures/
brain

BrainSuite
FreeSurfer, Desikan-Killiany atlas
BrainGyrusMapping

Table 2
A summary of parcellation details and stages of 4 software packages.
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Fig. 3. BrainVISA's parcellation protocol, also known as MarsAtlas, with approximate representations of the 5 ROIs: SFG (large polka dots), CG (horizontal stripes), SmG (checkered),
ITG (vertical stripes), PrG (small polka dots) (Mikhael, 2017) .

Table 3
The parcel(s) representing a gyral region in each of the software packages. In BrainVISA, these parcels are Brodmann areas (BAs).
Gyral Regions

BrainGyrusMapping

FreeSurfer

BrainSuite

BrainVISA and Brodmann areas (BAs)

Superior Frontal Gyrus
(SFG)
(Frontal lobe)

superior frontal gyrus medial segment
(MSFG)+superior frontal gyrus

SFG

SFG

Cingulate Gyrus (CG)
(Cingulate cortex)

anterior (ACgG)+middle (MCgG)+
posterior cingulate gyri (PCgG)

CG

Supramarginal Gyrus
(SmG)
(Parietal lobe)
Inferior Temporal Gyrus
(ITG)
(Temporal lobe)
Precentral Gyrus (PrG)
(Frontal lobe)

SmG

rostral anterior cingulate
+caudal anterior cingulate
+posterior cingulate
SmG

rostral dorsal prefrontal (PFrd)+caudal dorsomedial
prefrontal (PFcdm)+ dorsomedial premotor (PMdm)
+rostral medial prefrontal (PFrm)+medial side of the
dorsomedial motor (Mdm) cortices=BAs 10/9/8+6/8+6
+9/8++4
anterior (ACC)+ middle (MCC)+posterior cingulate
cortices (PCC)=BAs 24/32+24+23

SmG

superior (SPC)+dorsal inferior (IPCd)+ventral inferior
(IPCv) parietal cortices=BAs 7+39/40/7+40

ITG

ITG

ITG

rostral inferior temporal cortex (ITCr)+part of the
lateral visual cortex (VCl)=BAs 20+37/19/18

precentral gyrus medial segment
(MPrG)+precentral gyrus (PrG)

PrG

PrG

lateral side of the dorsomedial (Mdm)+dorsolateral
(Mdl)+ventral motor cortices (Mv)=BAs 4+4+4/6

phase. This eliminates the atlases that are less appropriate, promoting
better registration and, consequently, better parcellation results.
Murphy and his colleagues (Murphy et al., 2014) have also noted that
'structures that are topologically inconsistent (not simply connected)
with the ground truth have been observed in some cases'. This implies
that anatomical variations in new datasets from the manually segmented landmarks of the 28-subject atlas may not be identiﬁable.

as it is not trivial. Some BrainVISA cortices, such as the dorsomedial
motor (Mdm) and the ventral inferior parietal (IPCv) cortices, will
include parts belonging to several gyri. The Mdm's lateral side
corresponds to the superior region of the PrG and its medial side
corresponds to the caudal region of the SFG. The IPCv includes the
lower portion of the SmG as well as the caudal end of the superior
temporal gyrus. ROI constituents for all packages are summarized in
Table 3.
BrainGyrusMapping's protocol includes a “Notes on variable regions” section, which highlights the variablility that they've noted
across popular packages and how they've chosen to address them
following feedback from several experts.7 Gyral borders are clearly
identiﬁed, and unlike FreeSurfer and BrainSuite, numerous (16)
artiﬁcial landmarks are introduced in the form of imaginary planes to
assist with delineation reproducibility.
Tables 4–8 outline each of the 5 ROI's deﬁning borders, where
available, as considered by each package. These landmarks are what the
protocols use to deﬁne the ROIs and are therefore crucial. Any

Clarity of landmarks and borders
Following the Ono and Duvernoy atlases, we ﬁrst identiﬁed the
equivalent of the 5 gyral ROIs (SFG, CG, SmG, ITG, PrG) in each of the
parcellation protocols. Depending on the protocol, at times the gyri and
sulci of interest were the sum of 1 or more parcellated regions/labels.
BrainVISA's MarsAtlas does not aim to identify gyri, but instead
identiﬁes subgyral regions, or “cortices”, formed of grouped
Brodmann areas (BA) (Brodmann, 1909) with stable boundaries, as
in Fig. 3. We therefore listed the cortices with closest correlation to the
5 gyral regions for this particular protocol. Because of this system, the
cortices will not accurately represent the gyri and therefore care will be
needed when comparing them to their equivalents from other packages
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Table 4
Rostral (R), anterior (A), caudal (C), posterior (P), medial (M), and lateral (L) boundaries for the SFG in each of the packages, where available. LS: lateral surface, MS: medial surface.
SFG

BrainGyrusMapping

FreeSurfer, DesikanKilliany atlas

BrainSuite

BrainVISA

Anterior (A)/
Rotsral (R)
Posterior (P)/
Caudal (C)

R: rostral extent of superior
frontal sulcus
C: paracentral sulcus on
inflated surface

A: contains BA 8 and BA
9
P: paracentral sulcus

321° longitude

Medial

LS: frontomarginal sulcus
MS: anterior limit of medial H-shaped orbital sulcus
LS: precentral sulcus OR plane of dorsomedial limit of
precentral sulcus
MS: medial limit of precentral sulcus
LS: superior margin of interhemispheric fissure

Lateral

MS: A: superior rostral sulcus, P: cingulate sulcus

Superior
Inferior

MS: interhemispheric fissure

M: medial aspect of frontal
lobe
L: superior frontal sulcus

L: superior frontal sulcus

0° longitude & central sulcus

157° latitude & the callosomarginal anterior fissure
126° latitude & the superior
frontal sulcus

Cingulate sulcus on
mesial surface

diﬀerences at the parcellation stage across packages, despite similarities in nomenclature, will contribute to diﬀerences in the ﬁnal
corresponding parcels and therefore volumetric measurements. This
brings us to the atlas concordance problem that has been reported in
the literature (Bohland et al., 2009) and consequently followed by an
eﬀort at matching corresponding ROIs across 9 atlases (http://qnl.bu.
edu/obart).
The 5 tables clearly show a variety of boundary diﬀerences across
software when deﬁned, and the lack of such details for certain ROIs and
software. Details regarding sulcal connections and interruptions were
not available for any of the packages.
Table 4 deﬁnes the SFG boundaries as considered by each of the
packages. The gyrus's anterior or rostral border is clearly deﬁned on
both the lateral and medial surfaces by BrainGyrusMapping's protocol
(as the frontomarginal sulcus and anterior limit of medial orbital
sulcus, respectively), whereas one landmark (the superior frontal
sulcus) is identiﬁed by FreeSurfer's. BrainSuite's protcol refers to BAs
8 and 9, yet BrainVISA deﬁnes it with a longitudinal line. The posterior
or caudal border is the precentral sulcus in BrainGyrusMapping, yet
the paracentral sulcus in both FreeSurfer and BrainSuite, and is
identiﬁed on the inﬂated surface for the ﬁrst. In BrainVISA it is a
combination of a longitudinal line and central sulcus. The SFG's medial
border diﬀers across the 4 packages and is not mentioned by
BrainSuite. The lateral border is more consistent in 3 packages
(FreeSurfer, BrainSuite and BrainVISA) identifying it as the superior
frontal sulcus, with an additional line of latitude by BrainVISA.
BrainGyrusMapping on the other hand uses 2 other sulci for this
border (lateral orbital sulcus and middle frontal sulcus). Only
BrainSuite has an inferior border (cingulate sulcus) for this gyrus,
perhaps because it lacks the medial one.
In Table 5, we highlight the CG boundaries, where available.
BrainGyrusMapping's protocol oﬀers the option of dividing it into
supra- and sub-callosal areas, with 4 boundaries for each. The cingulate
sulcus deﬁnes the CG's anterior border in both BrainGyrusMapping
and FreeSurfer; that border is limited to a longitudinal line (at 151°) in
BrainVISA and contains a Brodmann ﬁeld (24) in BrainSuite. The
posterior border diﬀers for all 4 packages. FreeSurfer, like the Ono
atlas and our own BrainVISA classiﬁcation, consider it as the isthmus
(or ICC in BrainVISA), whereas the BrainGyrusMapping and
BrainSuite packages include the isthmus as part of the CG.
Additionally, the medial and inferior borders of the cingulate varies
from 3 landmarks in BrainGyrusMapping (superior rostral, callosal and
calcarine sulci) to 2 in FreeSurfer (medial aspect of the cortex and

corpus callosum) and yet another 2 in BrainVISA (cingular pole and
subcallosal sulcus at 180 latitude). No medial or inferior borders are
deﬁned by BrainSuite for this gyrus. Lateral and inferior borders are
only deﬁned by FreeSurfer and BrainVISA.
Of the 5 ROIs we investigate, the SmG is the vaguest one in terms of
bordering landmarks (Table 6). Little is known about the ROI in
BrainSuite aside from the Brodmann area that it contains (area 40) and
its inferior border (superior temporal gyrus). In FreeSurfer it is mainly
bound by gyri rather than known anatomical landmarks. On the other
hand, it is clearly bordered by 4 precise landmarks in
BrainGyrusMapping (sulci) and BrainVISA (latitudinal and longitudinal lines).
With the ITG, the anterior and posterior borders, deﬁned in
Table 7, diﬀer across the 4 packages. The medial and lateral borders
in FreeSurfer and BrainSuite are identical to one another, and to the
inferior and superior borders deﬁned by BrainGyrusMapping's protocol, respectively. The biggest diﬀerences are seen at the anterior border.
Once again, its bordering landmarks are clear in BrainVISA.
PrG borders are summarized in Table 8. The 4 packages are all
mostly in agreement with regards to the central sulcus (posteriorly)
and the precentral sulcus (anteriorly). FreeSurfer uniquely considers its
medial boundary as the superior, middle and inferior frontal gyri rather
than the precentral sulcus, creating a vague landmark. The PrG is
limited superiorly by the rostral extent of the central sulcus in
FreeSurfer, as opposed to extending over into the medial surface and
terminating at the cingulate sulcus like it does in BrainGyrusMapping.
We have also assumed this medial extension in BrainVISA allowing it
to terminate at the insula (0° latitude). The gyrus's medial, lateral,
superior and inferior borders are undeﬁned in BrainSuite. These
factors will all contribute to diﬀerences in the length and width of this
thin gyral strip.
Discussion
While cortical parcellation determines the regions into which a
brain is divided, it also serves as a starting point for a broad range of
analysis and classiﬁcations, in both health and disease. Our analysis of
the most popular software protocols shows that cortical parcellation is
mainly based on, although not limited to, sulcal landmarks identiﬁcation via atlas registration, which in turn helps identify gyral volumes.
Because of fundamental diﬀerences in protocols and in the ways for
handling variability, variations in parcellation exist. These underlying
diﬀerences, more than diﬀerences in parcels themselves which can be
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Cingular pole and subcallosal sulcus at
180° latitude
157° latitude and callosomarginal
anterior fissure

Atlas population details

S: cingulate sulcus and
subparietal sulcus

Generally speaking, in atlas-based analysis, the closer the match
between the template and the data, the greater the conﬁdence one can
have in the results. A signiﬁcant contributor to the strength of an atlasbased parcellation package is the population used to make up its
atlas(es). It serves as a good indicator of the package's limitations, its
potential level of success in processing new datasets, and in turn, the
amount of manual correction that may be necessary afterwards
(Mandal et al., 2012). It is therefore essential to have population
details and demographics publicised along with the package. These
demographics include the number of subjects, age-related details
(mean and range), gender distribution, handedness, education, socioeconomic status, ethnicity, etc. All of these are known to have an
inﬂuence on brain structure and consequently its parcellation.
Therefore, conventional templates, such as the single-subject
Talairach and Tournoux atlas (Toga and Thompson, 1999; Toga
et al., 2006), are being replaced by population-speciﬁc ones. Gousias
et al. (2010) demonstrate the weaknesses of a 30-subject adult atlas in
segmenting paediatric brains, when compared to a 33-subject paediatric atlas (including multiple scans). They further identify diﬀerences
between preterm and term-born babies, leading them to develop a
newborn brain atlas incorporating both groups (Gousias et al., 2012).
Other recently developed paediatric atlases include the M-CRIB atlas
(Alexander et al., 2016) that is based on the DK atlas and could
therefore prove useful in longitudinal studies where the same subjects
are assessed at an older age. Similarly, healthy middle-aged atlases
haven't been as successful in segmenting aged or demented populations
due to the associated morphological changes (e.g., enlarged ventricles,
atrophy, and widened sulcal spaces), and have led to their incorporation in atlases, such as the ICBM consortium (Mazziotta et al., 2001a,
2001b), to accommodate for the analysis of such populations.
Hemispheric asymmetry as well as gender and handedness eﬀects have
been highlighted in literature, as in Good et al. (2001), Im et al. (2009),
Lemaître et al. (2005), Sun et al. (2012), and Zilles et al. (1997), and
more recently, shape asymmetry (e.g., Wachinger et al., 2016).
Signiﬁcant ethnicity diﬀerences, e.g., between Chinese and Caucasian
populations or between Korean and Caucasian populations, have also
been found and consequently lead to the creation of ethnicity-speciﬁc
templates (Tang et al., 2010; Lee et al., 2005, 2016).
Information about the reference population used to create an atlas
is therefore paramount to any data analysis relying on it. It is clear
from the protocols we have studied that at present many atlas
population details remain unknown. Obtaining the missing details
(e.g. handedness, demographic details, and health) would be beneﬁcial,
permitting users to make an informed decision about software to use.
Examples of recent databases with a signiﬁcant amount of associated
population details include the ADNI (Weiner et al., 2010), OASIS
(Marcus et al., 2007; Marcus et al., 2010), BRAINnet,8 and BRAINS
databases (Dickie et al., 2016).

Anteriorly, in sub-callosal area: callosal sulcus
In middle supra-callosal area: cingulate sulcus. Anterior-most sulcus if double
cingulate sulcus (paracingulate)
Posteriorly, in subcallosal area: callosal sulcus
Anteriorly, in sub-callosal area: superior rostral sulcus or posterior projection
from its posterior limit
In middle supra-callosal area: callosal sulcus
Posteriorly, in sub-callosal area: calcarine sulcus

Addressing variability

Inferior

Superior

There is general consistency across FreeSurfer's ROI deﬁnitions
scheme, which is important considering FreeSurfer is the most popular
software. Where available, anterior/rostral, posterior/caudal, medial,
lateral, superior and inferior limits are speciﬁed for all ROIs, mostly in
Lateral

23° longitude and parieto-occipital fissure
P: contains BA 23

combined, are likely at the root of variable, possibly irreplicable, results
(i.e. non-equivalence of eﬀect sizes (Goodman et al., 2016)), obtained
with diﬀerent software.

M: medial aspect of cortex for RA and CA, and
corpus callosum for P
L: medial division of orbitofrontal gyrus, SFG,
and paracentral lobule
SL: SFG

151° longitude
A: contains BA 24

CG=‘cingulate cortex’=RA+CA+P
R: rostral extent of cingulate sulcus, inferior to
superior frontal sulcus
C: isthmus divisions of cingulate cortex

Anterior (A)/Rotsral
(R)
Posterior (P)/Caudal
(C)
Medial

CgG= cingulate cortex=ACgG (anterior)+MCgG (middle)+PCgG (posterior)
A limit of ACgG: anterior limit of cingulate sulcus; anterior-most sulcus if
double cingulate sulcus (paracingulate)
P limit of PCgG: subparietal sulcus or inferior projection from its inferior limit

BrainSuite
FreeSurfer, Desikan-Killiany atlas
BrainGyrusMapping
CG

Table 5
Rostral (R), anterior (A), caudal (C), posterior (P), medial (M), lateral (L), and superior (S) boundaries for the CG in each of the packages, where available. BA: Brodmann area.

BrainVISA

S. Mikhael et al.

7
http://braincolor.mindboggle.info/docs/BrainCOLOR_cortical_parcellation_
protocol.pdf
8
http://www.brainnet.net/about/brain-resource-international-database/
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Table 6
Rostral(R), anterior (A), caudal (C), posterior (P), medial (M), and lateral (L) boundaries for the SmG in each of the packages, where available. BA: Brodmann area.
SmG

BrainGyrusMapping

FreeSurfer, Desikan-Killiany
atlas

BrainSuite

BrainVISA

Anterior (A)/
Rostral (R)
Posterior (P)/
Caudal (C)

A: postcentral sulcus

R: caudal extent of superior
temporal gyrus
C: rostral extent of superior
parietal gyrus

9° longitude

M: lateral banks of intraparietal
sulcus
L: medial banks of lateral fissure
and/or superior temporal gyrus

126° latitude

contains BA 40

P: primary intermediate sulcus (PIS) (although difficult to identify)
OR inferior projection from inferior limit of (PIS) to superior temporal
sulcus

Medial
Lateral
Superior
Inferior

Intraparietal sulcus
Anterior to posterior limit of posterior lateral sulcus (pls): lateral
margin of dorsal bank of pls; posterior to pls: superior temporal sulcus

23° and 27°
longitude

Insula at 0° latitude

Superior temporal
gyrus

Table 7
Rostral(R), anterior (A), caudal (C), posterior (P), medial (M), and lateral (L) boundaries for 5 the ITG in each of the packages, where available. BA: Brodmann area.
ITG

BrainGyrusMapping

FreeSurfer, DesikanKilliany atlas

BrainSuite

BrainVISA

Anterior (A)/
Rotsral (R)
Posterior (P)/
Caudal (C)
Medial

A: junction of temporal and frontal
lobes (tf-jnct)
P: oblique occ-ant plane

R: rostral extent of inferior
temporal sulcus
C: lateral occipital cortex on the
cortical surface
M: occipitotemporal sulcus

A: BA 20

27° longitude

P: continuation from middle
temporal gyrus (MTG) of BA 37
M: tempero-occipital sulcus

151° longitude

L: inferior temporal sulcus

L: Inferior temporal sulcus

Lateral

Superior
Inferior

126° latitude and posterior occipitotemporal lateral sulcus
112° latitude and posterior inferior
temporal sulcus and anterior inferior
temporal sulcus

Inferior temporal sulcus
Occipitotemporal sulcus

Table 8
Rostral(R), anterior (A), caudal (C), posterior (P), medial (M), and lateral (L) boundaries for 5 the PrG in each of the packages, where available. BA: Brodmann area, LS: lateral surface,
MS: medial surface.
PrG

BrainGyrusMapping

FreeSurfer, DesikanKilliany atlas

BrainSuite

BrainVISA

Anterior (A)/
Rotsral (R)
Posterior (P)/
Caudal (C)
Medial

MS: plane prcs-med
LS: precentral sulcus
MS: plane cs-med
LS: central sulcus

R: rostral extent of central
sulcus
C: caudal extent of central
sulcus
M: superior, middle and
inferior frontal gyri
L: medial bank of central
sulcus

A: precentral sulcus.
Contains BA 6
P: central sulcus.Contains
BA 4

350° longitude and median, superior and
inferior precentral sulci
0° longitude and central sulcus

Lateral
Superior

Inferior

MS: superior margin of interhemispheric
sulcus
LS: superior margin of interhemispheric
ﬁssure
MS: cingulate sulcus
LS: lateral margin of dorsal bank of lateral
ﬁssure

157° latitude and callosomarginal
anterior fissure
0° latitude and insula
Contains BA 4

Contains BA 6

the form of a sulcus. Although, because of sulcal variability, there still is
some vagueness to the exact borders as there is no mention of
variability throughout the protocol. The authors did seek advice from
numerous sources (Table A.2), however, there is no indication as to
which of the source(s) is followed for each of the landmarks, particularly in the event of contradicting advice between them. There are

numerous instances in FreeSurfer's atlas where speciﬁc limiting landmarks are not provided, particularly between (1) the PrG and 3 frontal
gyri, (2) the medial orbitofrontal cortex and SFG and CG, (3) the SmG
and superior temporal gyrus (STG), (4) the CG and isthmus, and (5)
the ITG and lateral occipital cortex (loc). Instead, one or more gyri are
identiﬁed as borders for another gyrus, and vice versa. The gyri refer to
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Fig. 4. Lateral (a), medial (b), and inferior (c) cortical surfaces of a 30–35 year-old right-handed male subject, as per FreeSurfer's Desikan-Killiany parcellation protocol. Border
precision lacked for the ROIs we investigated, particularly at (1) the PrG's medial border, (2) the SFG and CG's anterior border, (3) the SmG-STG border, (4) the CG-isthmus border, and
(5) the ITG-loc border. The raw volume was downloaded from http://psydata.ovgu.de/studyforrest/structural/sub-01/. I: isthmus, moc: medial orbitofrontal cortex, loc: lateral occipital
cortex (Mikhael, 2017) .

one another, leaving no indication of an exact delimiter between them.
The PrG of the DK atlas, shown in Fig. 4a, is said to be bound medially
by the superior, middle and inferior frontal gyri, and vice versa- the
middle and inferior frontal gyri are said to be bound caudally by the
PrG. Which unique feature will act as the boundary between these gyri
remains unclear. Following our assessment of FreeSurfer v5.1 ROIs in
late 2012, a revised version of the DK protocol, the Desikan-KillianyTourville (DKT) protocol (Klein and Tourville, 2012), was introduced
and later incorporated in FreeSurfer (v5.3), with the intention of
increasing package accuracy and consistency. In the above example,
the 4 gyri (with slight variation in terminology) now speciﬁcally lie on
either side of a more accurate landmark, the precentral sulcus. The
medial orbitofrontal cortex (moc) of the DK protocol is bound laterally
by the medial bank of the SFG and CG, and similarly the SFG and CG
are bound laterally by the medial division of the orbitofrontal gyrus
(Fig. 4b). The DKT protocol further speciﬁes these gyral dividers by
labelling the superior rostral and (antero-dorsal region of the) cingulate
sulci as the SFG and CG's lateral borders, respectively. The moc's
lateral border has been replaced by the superior rostral sulcus, or the
cingulate sulcus when the two merge. Minor confusion in the DKT
atlas, however, remains: with the cingulate gyrus being bound by the
moc on one side, it is expected that the two share the superior rostral
sulcus as a boundary, but that is not the case from what is described in
the article although this is shown on Fig. 2 in Klein and Tourville
(2012) where both (the antero-dorsal region of) the cingulate sulcus
and the superior rostral sulcus appear to demarcate the CG's lateral
border. This leads us to believe that this extra detail was perhaps
accidentally missed from the text. Another example of vagueness in the
DK protocol is when the rostral boundary of the SmG is deﬁned as the
caudal extent of the STG, and vice versa- the STG is bound medially by
the SmG where present (Fig. 4a). The DKT protocol replaces this
uncertainty by specifying the SmG-STG boundary as the posterior
horizontal ramus of the lateral sulcus posteriorly and the lateral sulcus
anteriorly. Similarly, no clear bounding landmark is deﬁned between
the CG and isthmus (I) in the DK protocol either (Fig. 4b). The caudal
border of the CG is named as the isthmus, and the rostral border of the
isthmus is deﬁned as the posterior division of the cingulate cortex, i.e.,
the CG. The DKT protocol includes the isthmus as part of the CG,
thereby revising and simplifying the posterior border which it speciﬁes
as the subparietal sulcus. Uncertainty is once again perceived in the DK
protocol when the ITG is said to be bound caudally by the loc, and this
cortex's lateral boundary is the ITG (Fig. 4c). This too has been
resolved in the newer DKT protocol by referring to the anterior
occipital sulcus as the landmark separating the two (ITG and loc).
Another example of the lack of a clearly identiﬁable landmark in

FreeSurfer's DK protocol is when the CG's lateral border is deﬁned as
the SFG, and yet the SFG's medial border is referred to as the ‘medial
aspect of frontal lobe’ (Fig. 4b). In the DKT protocol, the cingulate
sulcus speciﬁcally separates the two gyri. Similarly, the CG's (particularly the rostral anterior and caudal anterior divisions) medial border
in the DK protocol is deﬁned as the ‘medial aspect of the cortex’, which
is likely to be the corpus callosum, but again this not speciﬁed. The
DKT protocol, in addition to mentioning the corpus callosum, clearly
speciﬁes the callosal sulcus. These might seem like little details but if
there is a lack of consistency across subjects or a bias given some
features, this could lead to population diﬀerences unintentionally
emerging or getting masked. Our main point is that when no standard
exists, this fact should simply be stated, along with details on how it is
addressed by the package.
While BrainSuite's protocol very clearly deﬁnes both sulcal start
and endpoints, as well as variation handling (Table A.3), fewer details
are available for the gyral borders. There is no explicit gyral parcellation protocol or reference; however, because Professor Damasio
manually delineated the package's atlas (single-subject BCI-DNI/
_brain atlas), we refer to her 2005 atlas (Damasio, 2005) as the source
to deﬁne the gyral borders, assuming that this reference is used in the
parcellation process. The precise details are evidently few and incomplete in the BrainSuite columns of Tables 4–8. Scarce information
makes analysis challenging when wanting to compare the output of this
package to that of other packages or to manually drawn data. It appears
that the greater focus of this package was on the overall distribution of
Brodmann's cytoarchitectonic areas across the brain atlas, relative to
the various gyral regions.
In a similar spirit, BrainVisa relies on the MarsAtlas that is based
on cortices from the Brodmann atlas rather than gyri, implying that
they occasionally span across gyri. BrainVISA-generated regions and
any corresponding statistics will therefore not always be directly
comparable to those of the other packages and will only serve as an
approximation when grouped, as in Table 3, to represent speciﬁc gyri.
Owing to the obvious limitations in terms of region selection with the
orthogonal grid, our attempt at grouping leaves us with volumes that
include more than the intended gyrus.
BrainGyrusMapping's protocol clearly identiﬁes gyral borders,
however, the only cortical variability mentioned is the double cingulate
sulcus, leading to questions around implications this could have on the
atypical cortical surfaces that do not closely resemble any of the ones
included in their 28-subject atlas.
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Fig. 5. An example of a double sulcal scenario (cingulate sulcus, red arrows) in a 30–35 year old right-handed male subject's left hemisphere, which in turn leads to a double gyral (CG)
scenario (a), downloaded from http://psydata.ovgu.de/studyforrest/structural/sub-01/. Cortical parcel representation, following automated parcellation, between BrainGyrusMapping
(b), FreeSurfer (c) and BrainSuite (d) diﬀered for this hemisphere. Only a small portion of GM inferior to the upper sulcal curve is associated with the CG in FreeSurfer, unlike in
BrainGyrusMapping and BrainSuite where a larger portion is associated (Mikhael, 2017) .

Cortical variability

therefore essential to be working with a reliable package that oﬀers
accuracy and reproducibility.
As previously mentioned, the BrainCOLOR protocol authors address and justify their choices of landmarks in the event of disagreement across packages, for the sake of clarity and consistency. For
example they omit the pole regions of the frontal lobe, while aware of
their use by others, and acknowledge that this will produce larger ROIs
than other packages, consequently aﬀecting morphometrics and statistics for the aﬀected regions, including the SFG (Table 4). To address
variability at the fronto-parietal boundary on the medial surface, they
decide to consistently use the central sulcus, or more speciﬁcally the
coronal plane drawn at the sulcus's medial limit, thereby making it the
PrG's posterior border. This border is deﬁned by a plane relating to
either the central or precentral sulcus in other packages. For the supracallosal areas of the CG, they mention variability in the posterior
boundary across packages and have chosen the subparietal sulcus (and
a projection from its inferior limit) for themselves. A double cingulate
sulcus scenario is also considered (Table 5). The anterior-most sulcus is
referred to as the ‘paracingulate sulcus’ and when present contributes
to the boundary of the cingulate gyrus (e.g., Fig. 5a). This can be clearly
seen in a parcellated left hemisphere of a right-handed middle-aged
man, Fig. 5b. There is no other mention of double sulcal scenarios by
this protocol. There also is no mention of a 'paracingulate sulcus' in the
two anatomical reference books we studied. The posterior border of the
SmG is also debated for this protocol before being assigned to the
primary intermediate sulcus, with a projection where possible, for the
sake of consisistency with most packages. Despite it being challenging
to identify, the authors strive to achieve reliability with it by recruiting
a large cohort for their atlas. No inter-package comparisons are made
for the ITG borders. Cortical variability is further considered through
the use of 'if' clauses, to factor in branching as well as the extent to
which a sulcus extends. This, for example, is clearly seen in the border
deﬁnitions for the opercular part of the inferior frontal gyrus, the
precuneus, the superior frontal gyrus, as well as the superior, middle
and inferior occipital gyri.
It is uncertain whether variability considerations were made at the

Based on the reported incidence rates (Table A.1), in any cohort
similar to Ono's (Ono et al., 1990) one can reasonably expect to have at
least one subject with a listed variation. Therefore the speciﬁcs of a
parcellation protocol in that regard cannot be taken lightly. When the
available variability details are ambiguous to the end-user or incomplete, one is left wondering about how anatomical variability is
considered, what the implications of that are, and whether or not the
results will be reproducible.
It is therefore essential that all known and well-documented cases
of variability are addressed and clearly deﬁned, leaving no room for
guessing. For example, in the event of a double sulcal pattern, the
number of sulci to be used and joining details, if any, must be clariﬁed.
For sulci with a chance of branching, interruptions and/or connections,
start and end points ought to be clearly identiﬁed. In the event of sulcal
absence, it is of essence to indicate whether an alternative landmark is
to take the sulcal name, and if not, what happens if this absent sulcus is
meant to border a parcel. And ﬁnally, guidance on existence and
location of a cingulate sulcus in the event of cingulate gyrus and corpus
callosum absence would be helpful. From what our analysis of
protocols shows, BrainSuite is the software to address explicitly these
sorts of variability. BrainVISA also does so, although diﬀerently, by
limiting its parcellation to the least variant of sulci, and avoiding the
rest, with focus on the sulcal roots distributed across a ﬁxed orthogonal
system. Given the many possible combinations in cortical variability, it
is practically unfeasible to rely on atlas population alone to address
this. However, to adequately address this issue algorithmically, it is of
great importance that the individual variations are present and
documented in the atlas. In turn, how this information is leveraged
by the algorithm should be equally well-documented.
Because diﬀerent interpretations of variability could potentially
lead to diﬀerent gyral volumes and sulcal landmarks, any morphometrics conducted on these regions of interest could be very diﬀerent as
well. This, for example, could be in the form of gyral volume, sulcal
length or depth, white matter surface area, and gyral thickness. It is
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landmarks level or the algorithm's optimisation process in FreeSurfer,
however, it is most likely that such considerations were incorporated,
as we see in Fig. 5c, yet not necessarily publicised. Here a small,
although not the entire, portion of the cortex between the 2 (double)
cingulate sulci contributes to the CG. The authors of the newer DKT
protocol (Klein and Tourville, 2012) state this as a ‘common error’ in
the double sulcal scenario and resolve it by speciﬁcally mentioning the
double cingulate sulci, and naming the anteriormost one as the CG's
superior border. Several other uncertainties are alleviated throughout
the cortical surface when they redeﬁne gyral borders in terms of less
variant and precise landmarks, less variant sulci speciﬁcally, and
eliminate some regions. In this article we strive to highlight the
signiﬁcance of the knowledge of these variability details.
The authors of the BrainSuite protocol clearly state how variability
was handled when developing the package's sulcal curves atlas (Table
A.3). In the event of a double sulcus, the most lateral one is outlined, as
shown in Fig. 5d. Missing sulci are neither drawn nor replaced by
others. Sulci do not intersect in this protocol, and are therefore drawn
as several segments in such circumstances. The atlas was manually
delineated by one of the aforementioned authors (Damasio). It clearly
speciﬁes start and end points, of sulci, particularly when intersecting
other sulci (e.g., superior frontal sulcus, inferior frontal sulcus,
intraparietal sulcus) or when they vary from subject to subject (e.g.,
cingulate sulcus), while emphasizing consistency across all subjects.
Because BrainVISA's MarsAtlas is based on cortices formed from
Brodmann areas, we expected to see diﬀerences in terms of parcel
borders relative to those of other software packages. To avoid issues in
the event of variability, the BrainVISA developers excluded the intermediate frontal sulcus from acting as a landmark in its orthogonal
system. They found their protocol to be highly successful, even in the
most variant and complex of lobes, the lateral frontal lobe (Auzias
et al., 2016), although we have not tested this package ourselves. The
protocol solely identiﬁes 24 primary and secondary sulci per hemisphere, rather than all sulci, to avoid addressing those with high
variability. Moreover, because identiﬁcation is limited to sulcal roots
rather than the entire sulcal lengths, the MarsAtlas becomes more
robust to the known and well-documented variations such as branching, interruptions, discontinuities, doubles etc., and theoretically
avoids them. Package stability is further reinforced with the accompanying ﬁxed coordinate system.

than the DK protocol, with only 7 hits in the last 2 years for the ﬁrst,
compared to 83 hits for the latter (detailed search in Software
diversity).
To accurately interpret the software outputs, it is important for the
end user to know the tissue types comprising an ROI, and the details
regarding the derivation of their corresponding statistics. Some ROI
statistics are oﬀered on the pial layer, but others are on the middle or
inner cortical layers of the cortex, rendering them comparable only
approximately, by projection of the layers onto each other. As such,
measured diﬀerences will no longer be due to a combination of actual
diﬀerence and protocol diﬀerence only, but also a measurement error
due to the projection is introduced. Sulcal lines, for example, are drawn
on the mid-cortical surface in BrainSuite, yet on the inner (WM)
cortical surface in BrainVisa. BrainSuite developers prefer the midcortical layer over the outer pial (GM/CSF) layer because of the low
contrast in the volume at the latter, making their automated method
more accurate. Consequent sulcal statistics (e.g., length, depth and
width) will therefore vary between the two packages.
Conclusion
A cortical parcellation software includes a complex set of tools that
serve to identify the various structures of any given brain and provide
corresponding measurements. This generally involves some preprocessing, tissue classiﬁcation, cortical and subcortical segmentation, and
morphometrics. To identify a suitable package for processing a given
dataset, these individual steps and their corresponding details are
taken into consideration. The focus of this article is solely limited to the
cortical parcellation phase.
The purpose of this article was by no means to identify the
superiority of any particular package over another, but to solely raise
awareness of, or highlight, protocol signiﬁcance and diﬀerences via
commonly used packages and 5 sample ROIs. Traditional population
atlases, such as those of the 4 packages we examined, are generally
based on few subjects and a limited number of parcels when compared
to recently published ones. For instance, the digital Brain Atlas
developed at the Allen Institute for Brain Science (Ding et al., 2016)
is based on a single subject, but uses microscopic details, from
histology and immunohistochemistry, along with high resolution (7T)
multi-modal images. Their analysis revealed 862 structures (sulci, gyri,
and BAs) per hemisphere and 117 white matter tracts and cranial
nerves. Similarly, but based on a larger population, the Human
Connectome Project “Multimodal parcellation of the human cerebral
cortex” showed variations in the location of at least one cortical area
(55b) and identiﬁed 360 diﬀerent regions (Glasser et al., 2016) with
high accuracy rates (96.6.%). Such results suggest that current
anatomical parcellation tools used for morphometric and connectomic
analysis might underestimate grossly the number of parcels needed to
understand human brain structure/function relationships.
The implications of the parcellation protocol are immense. Having
tools that delineate, at the subject level, and in a consistent and well
deﬁned manner, anatomical (or anatomo-functional) regions, is key for
understanding brain variations that underpin health and disease, given
the level of anatomical variability of folds and branches (e.g. Essen,
2005), shape asymmetries (Wachinger et al., 2016) and in the location
of patterns of functional activity (e.g., Gordon et al., 2016). Although all
4 packages we investigate are gyral-based, we show how protocols can
be very diﬀerent, even when referring to the same ROI. It is therefore
essential for the end users to move towards clear, reproducible
protocols (for instance choosing DKT over DK for cortical parcellation
in Freesurfer, or the MarsAtlas in BrainVISA), with consistent ROI
nomenclature and explicit border deﬁnitions. Additionally, with atlas-

Regions of interest
At ﬁrst glance, diﬀerences between parcellation protocols may not
be obvious to the end-user. This particularly occurs when two
parcellation protocols refer to an ROI using the same nomenclature.
Initially, one may assume that the two will be identical, but as we
indicate in Tables 4–8, the details reveal otherwise- the gyral borders
across the packages are diﬀerent. As previously mentioned, the CG of
BrainGyrusMapping and BrainSuite includes the isthmus (Fig. 5)
whereas that of FreeSurfer (Deskian-Killiany protocol) and
BrainVISA (Fig. 3, following Ono's classiﬁcation) does not. Another
example of diﬀerences despite the same nomenclature is with the PrG
boundaries
on
the
cortical
surface's
medial
side.
In
BrainGyrusMapping they are identiﬁed as the imaginary extensions
of the precentral and central sulci on that side (plane prcs-med and
plane cs-med), yet in FreeSurfer it is the central sulcus. The 2
corresponding volumes with therefore diﬀer, and in turn aﬀect the
SFG and postcentral gyrus (and corresponding morphometrics) that
they border. In such situations, additional work will be necessary if a
comparison is to be drawn between them. Despite FreeSurfer's latest
eﬀorts to reduce ambiguity, the DKT protocol remains less popular
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based packages, we highlight the importance of working with an atlas
of close resemblance to that of the population under investigation and
one that has ideally factored in suﬃcient variability to assess this
cohort.
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Table A.1
Types of variability in the cortical surface and their incidence rates in the various sulci, and the various hemispheres (hems), as reported by Ono et al. (1990).
Types of Cortical Variability

Occurrence Details (Incidence Rates)

Double sulcal pattern

– precentral sulcus (4% of right hems, 4% of left hems)
– intraparietal sulcus (12% of right hems, 0% of left hems)
– superior temporal sulcus, posterior end (12% of right hems, 4% of left hems)
– parahippocampal ramus of collateral sulcus (12% of left hems, 12% of right hems)
– occipitotemporal sulcus (8% of right hems, 4% of left hems)
– cingulate sulcus (24% of right hems, 24% of left hems)
– subparietal sulcus (16% of right hems, 8% of left hems)
– calcarine sulcus (12% of right hems, 20% of left hems)
very common
interruptions in almost all sulci, except:
– sylvian ﬁssure
– collateral sulcus
– callosal sulcus
– parieto-occipital sulcus
sulcal:
– parahippocampal ramus of collateral sulcus (in 16% of right hems and 8% of left hems)
– horizontal ramus of sylvian ﬁssure (8% of right hems, 16% of left hems)
– lunate sulcus (40% of right hems, 36% of left hems)
– fronto-orbital sulcus (8% of right hems, 8% of left hems)
other:
– cingulate gyrus (unknown because rare)
– corpus callosum (unknown because rare)

Branching/ interruptions/ connections

Absence

Table A.2
The 4 software packages we identified and further studied with regards to their cortical parcellation protocols and details.
Software Package

Main Atlas/Protocol

Additional References

BrainGyrusMapping beta=v. 1.0

BrainCOLOR protocol, by Neuromorphometrics

FreeSurfer Linux v. 5.1.0.

Desikan-Killiany (DK) atlas (Desikan et al., 2006)

BrainSuite v. 13a

Pantazis et al. (2010)

BrainVISA v. 4.5

Sulcal parcellation: Ono et al., 1990; Régis et al., 2005

Protocols of UCLA (LONI; Shattuck et al., 2008), the University of Iowa
Mental Health Clinical Research Centre (IOWA; Crespo-Facorro et al.,
2000, Kim et al., 2000), FreeSurfer group (Desikan et al., 2006), and UC
San Diego (Carper and Courchesne, 2000, 2005; Carper et al., 2002)
Brain atlases of Ono et al. (1990), Duvernoy (1999), and Mai et al. (2008)
Brain atlases of Duvernoy (1991) and Ono et al. (1990)
Modiﬁcations to previously published deﬁnitions (Killiany et al., 1993,
2000; Wible et al., 1995, 1997; Crespo-Facorro et al., 2000; Hoesen et al.,
2000; Halliday et al., 2003; Yamasue et al., 2004; Ballmaier et al., 2004;
Onitsuka et al., 2004)
Consultations with Drs. Thomas Kemper and Douglas Rosene
Damasio (2005), Duvernoy (1999), Ono et al. (1990) and Sowell et al.
(2002): for gyral parcellation
http://neuroimage.usc.edu/CurveProtocol.html: for sulcal parcellation
Ono et al. (1990) for terminology, branching, interruptions, variability and
nomenclature
Rivière et al. (2002), Perrot et al. (2011): for sulcal average atlas details
Clouchoux et al. (2005, 2010) for sulcal parcellation details

Gyral parcellation: MarsAtlas using sulci of Régis et al.
(2005); orthogonal coordinate system of Auzias et al. (2013,
2016)
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Table A.3
Sulcal variability as considered by BrainSuite's sulcal curves protocol (Pantazis et al., 2010).
Type of Sulcal Variability

Occurrence

How variability is addressed

Double

Cingulate sulcus
Supraorbital sulcus
Transverse temporal sulcus
Post-central sulcus
Precentral sulcus- 2 branches
Superior temporal sulcus
Superior frontal sulcus
Sylvian ﬁssure
Collateral sulcus (includes rhinal
sulcus)
Post-central sulcus
Occipito-parietal sulcus
Sub-parietal sulcus
Calcarine sulcus
Superior frontal sulcus
Superior temporal sulcus
Cingulate sulcus
Inferior temporal sulcus
Occipito-temporal sulcus
Post-central sulcus
Occipito-parietal sulcus
Sub-parietal sulcus
Calcarine sulcus

Most anterior segment joins to posterior segment where anterior segment ends – for consistency
Only superior segment drawn for consistency
Most anterior sulcus drawn
Most posterior sulcus drawn
Either one drawn, but consistent across subjects. Posterior branch seems more consistent
Superior branch drawn
No recommendation on long side branches, but presuming that they are not considered
Both branches drawn using 2 distinct labels- ascending and horizontal branches
Either terminates at posterior end of temporal lobe or continues with the (lower) lateral branch.
Consistent across subjects
Anterior branch drawn at superior end
Long side branch at superior end avoided
Unknown, but recommend consistency and include examples
Lower branch drawn at posterior end
Segments joined by jumping over interrupting gyrus
Segments joined by jumping over interrupting gyrus
Segments joined by jumping over interrupting gyrus
Segments joined by jumping over interrupting gyrus
Segments joined by jumping over interrupting gyrus
Segments joined by jumping over interrupting gyrus
Segments joined by jumping over interrupting gyrus
Unknown, but recommend consistency and include examples
Unknown

Branching

Interruptions (e.g., by gyri)

Fig. A.1. A ﬂow diagram showing the criteria used to identify software packages for analysis. FreeSurfer-D: FreeSurfer's Destrieux protocol; FreeSurfer-DK: FreeSurfer's DesikanKilliany protocol (Mikhael, 2017).
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2.3 Conclusion
Our review identified a multitude of factors that can influence the outcome of the cortical
parcellation phase, as well as the large variability and inconsistencies in even the most
popular of parcellation protocols. It therefore raises awareness of how crucial it is for
package end users to not take the parcellation phase lightly, but to thoroughly investigate
the details of their parcellation protocols when studying the suitability of a package for their
particular data.

We continue to investigate FreeSurfer, BrainSuite and BrainGyrusMapping in the chapters
that follow given that they generally meet the criteria of being free (although partially for
BrainGyrusMapping), standalone, and well-supported. BrainVISA also meets the criteria but
as its parcels will not be comparable to those of the other three we have excluded it from
our upcoming investigations.
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3. Masks2Metrics: A Standalone Morphometry
Tool
3.1 Introduction
To further assess the software packages we identified in Chapter 2, we proceeded with
preparing a dataset that could serve as ground truth. This dataset, however, necessitated the
development of a morphometric analysis tool for the reasons we explain below.

The dataset (further detailed in Chapter 4) would comprise the raw magnetic resonance data
and their derivatives, as well as manually-segmented gyral parcels and their corresponding
volumetric measurements.

The measurements that we identified as most suitable for exploring parcel morphometry are
grey matter thickness (GMth), grey matter volume (GMvol), and white matter surface area
(WMsa). As mentioned in Section 1.2, they are regularly employed to investigate brain
development, ageing, or pathologies, and serve as critical biomarkers for neurodegenerative
disorders. Other findings supporting the needs for such metrics are genetic studies which
revealed cortical thickness and surface area to be highly heritable, yet genetically and
phenotypically unrelated, suggesting that information would be lost if volume were to be
interpreted on its own seeing that it is a product of both (Panizzon et al., 2009; Winkler et
al., 2010). The 3 metrics also are calculated by most software packages and would therefore
be useful for identifying inter-package differences.

The parcels would be defined by paired masks in Neuroimaging Informatics Technology
Initiative, or NifTI, format. Despite it being a popular and well-supported file format, a freely
available standalone metrics tool which interprets all 3 parcel measurements (thickness,
volume and white matter surface area) did not exist. The majority of such tools are usually
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incorporated into packages to work with their particular non-standard file formats. For that
reason, we developed our own in-house tool, which we detail in the following section.

3.2 Masks2Metrics
Rather than ‘re-inventing the wheel’, we collaborated with Dr Calum Gray, an image analysis
expert (Edinburgh Imaging and Edinburgh Clinical Research Facility, The University of
Edinburgh) who had developed a Matlab tool to investigate the distance between stents and
arteries in 2-D. We adopted some of the concepts on which his tool was built; this includes
reading the manually parcellated masks into cells, traversing the data as well as drawing of
the normal from one mask to the other for distance measurements (MeasureLength.m,
identify_perpendicular_coords.m, and InsideStentBoundary.m) and parts of the user
interface. Comments in the code reflect how Dr Gray’s functions were modified for our
particular needs.

Other external clearly credited code are the distance functions Euclidean_distance.m (with a
slight modification), ModHausdorffDist.m, and frechet.m, the last 2 of which we run for
comparison purposes.

All remaining aspects and functions, however, were solely written by myself, and revised
when necessary following supervision meetings. Examples of the novel features include:
identifying voxel connectivity, removing voxels with no connectivity from the analysis
(cleaning slices and arrays), identifying the list of sequential pixels in the current slice,
traversing a gyrus along its longest axis for better thickness measurements, calculating
distance in two other manners for comparison purposes, calculating white matter surface
area, calculating the volume of a parcel, and measuring grey matter thickness in both
directions (from grey matter to white matter, then from white matter to grey matter), rather
than just one, for a better representation.
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3.2.1 Thickness
Despite cortical thickness being an intuitive metric, we identified numerous approaches in
the literature for measuring it. As the packages work with surface meshes at the grey and
white matter layers, they measure thickness by taking the shortest distances between the
voxels that make up the meshes, in both directions.

Mesh analysis is therefore

computationally-intensive and the desire to achieve a fine balance between time and
accuracy makes mesh resolution understandably a finite one (approximately 300,000
triangular faces per brain in FreeSurfer).
Thicknesses in Masks2Metrics are voxel-based and 2-dimensional. They are measured along
the (x-, y- or z-) axis that is closest to the main direction of a gyrus, keeping them (i.e., the
thickness measurements) as close as possible to the true normal that one would expect to
measure in 3-D. Although not of relevance to gyral analysis, we also compute the mean
modified Hausdorff distance and Fréchet distance should they be of relevance to some users
and for comparison purposes.

The packages’ parcels are mesh-based, with thickness needing to be from a voxel in one mesh
surface to the nearest voxel on another mesh surface, and therefore not necessarily an
accurate representation of the true thickness. Because our M2M thicknesses are true
normals at each voxel, they are expected to be smaller. We also take them in both directions
for an even more accurate representation.

3.2.2 Surface area
Surface area, also a surface-based metric, is typically measured as the sum of the meshes’
areas in 3-D, making it too a resolution-dependant one. In Masks2Metrics, we identify the
length of the inner mask (white matter) in each slice and multiply it by the voxel size along
the main axis of the region of interest.

3.2.3 Volume
The packages of interest measured parcel volume as the 3-dimensional space between its
grey and white matter meshes. In Masks2Metrics, it is 2-dimensional and starts by joining
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the ends of the open paired masks, or closing them, then filling the space. The number of
filled voxels in every slice are then summed and multiplied by voxel size (in the 3 directions).
The code assumes that there are no spaces in between the slices, which was the case for our
data.

3.2.4 Relevant publication and online information
Masks2Metrics is published in the Journal of Open Source Software (Mikhael & Gray, 2018).
The code is available on GitHub (Mikhael & Gray, 2017), an open source platform for software
developers, and is accompanied by Wiki pages providing step-by-step instructions, a short
example with sample data, as well as a diagram representing the workflow.
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Welcome to the Masks2Metrics wiki!
Masks2Metrics (M2M) is a quick and robust Matlab-based tool that calculates 3 metrics for a given region-of-interest
(ROI)- its thickness, its volume, and the surface area of the inner mask. For the case of a gyrus, the 3 metrics would
correspond to grey matter thickness, grey matter volume, and white matter surface area.
Requirements:
1. Matlab R2016a, or higher
Installation:
1. Download the latest version of Masks2Metrics from GitHub into a folder named Masks2Metrics. In addition to the
Masks2Metrics code, the folder includes external code that is called by the tool, including Nifti Matlab tools and preexisting distance code (Euclidean, Frechet and the Modified Hausdorff Distances).
2. Add the Masks2Metrics folder to your list of Matlab paths
Usage:
The ROI must be defined by paired NIfTI (.nii, https://nifti.nimh.nih.gov/nifti-1) masks, each of which is drawn
continuously in 2D, along one direction (x-, y- or z-axis), as a a set binary pixels. In the case of the ROI being a gyrus, the
paired masks would be the corresponding grey matter (GM) and white matter (WM) curves. Paired ROI .nii masks are
expected to be of the form subj_roi_hem_gm/wmsegment#.nii. An example of a pair corresponding to subject 1's right
superior frontal gyrus (SFG) would be 1_sfg_r_gm1.nii and 1_sfg_r_wm1.nii. The ROI metrics calculated in that case
correspond to grey matter thickness (GMth), grey matter volume(GMvol),and white matter surface area (WMsa ).
The paired NifTi masks can be drawn using software such as MRIcron
(http://people.cas.sc.edu/rorden/mricron/index.html), while following the detailed drawing instructions on their website
(http://people.cas.sc.edu/rorden/mricron/stats.html).
After browsing to the directory containing the paired masks, the code is run using a single command line of the form:
[roi_gm_mean_thickness, roi_gm_vol, roi_wm_sa] = masks2metrics(subj, segments, roi, hem, step_size,
draw)

The following variables are required as input:
subj : the subject's number
segments : the number of paired masks representing the ROI
roi : the name of the region of interest that is outlined
hem : the hemisphere to which the ROI belongs
step_size : used to identify the increment, in voxels, for the second endpoint of the line to which the perpendicular

will be drawn when measuring ROI thickness
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draw : 1 to generate figures showing slice by slice calculations, including ROI thickness and volume; 0 to exclude all

figures.
The function calculates, saves, and outputs 3 main variables (summarized in Figure 1 of this wiki), amongst others:
roi_gm_th : thickness of the ROI, in mm, and is the mean distance between the outer and inner masks. It is
calculated by averaging voxel-by-voxel nonzero thickness measurements taken in two directions (outer to inner

mask (Figure 1a of this wiki), and inner to outer mask (Figure 1b of this wiki), in each slice, and following userspecified step size. When the ROI represents a gyrus, the outer and inner masks correspond to GM and WM, and the
mean thickness corresponds to gyral or cortical thickness. This part of the code is based on a tool previously
developed by C. Gray (Edinburgh Imaging and Edinburgh Clinical Research Facility, The University of Edinburgh,
Edinburgh, Scotland, UK) for the purpose of measuring the distance between a stent and the arterial wall inside
which it lies. The basics of the CRIC tool with regards to thickness measurements apply to our work, but we have
since adapted and expanded it in order to account for complicated curvatures in gyral folding.
roi_gm_vol : volume of the entire ROI, in mm3, calculated by summing the area of the ROI, e.g., a gyrus, in each slice,

and multiplying it by the voxel size in the 3 directions (Figure 1c of this wiki).
roi_wm_sa : inner mask's surface area, in mm2, calculated by summing the length of the inner mask, e.g., WM, in

each slice, and multiplying it by the voxel size in the direction along which it was drawn (Figure 1c of this wiki). The
direction is specified by the user.

Figure 1. The three metrics calculated by Masks2Metrics are ROI thickness (a,b, in red), inner mask’s surface area (c, in
yellow), and ROI volume (c, in blue).
In the event that multiple segments constitute an ROI, the 3 metrics are calculated as follows:
roi_gm_th : averaging voxel-by-voxel nonzero thickness measurements made in each slice, for all segments.
roi_gm_vol : summing the area of the ROI defined by the multiple segments in every slice.
roi_wm_sa : summing the inner mask length (e.g., WM) of every segment in every slice.

Additionally, the corresponding mean Frechet and modified Hausdorff distances between the paired masks are calculated
and saved as matrices.
All files are saved under the current working directory.
The table below lists the filenames corresponding to all saved measurements:
Filename

Description

subj_roi_hem_filled_step(step_size).nii

filled binary volume representing the ROI bound by
the 2 input masks
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Filename

Description

subj_roi_hem_thickness_WMtoGM_step(step_size).mat

array of thicknesses measured from inner to outer
mask

subj_roi_hem_thickness_GMtoWM_step(step_size).mat

array of thicknesses measured from outer to inner
mask

subj_roi_hem_total_thickness_step(step_size).mat

total ROI thickness, i.e., roi_gm_th

subj_roi_hem_frechet_step(step_size).mat

array of all Frechet thicknesses measured between
the 2 masks

subj_roi_hem_mean_frechet_step(step_size).mat

mean of all Frechet thicknesses measured between
the 2 masks

subj_roi_hem_modified_hausdorff_step(step_size).mat
subj_roi_hem_mean_modified_hausdorff_step(step_size).mat
subj_roi_hem_WM_sa_step(step_size).mat
subj_roi_hem_total_WM_sa_step(step_size).mat

array of all modified Hausdorff thicknesses
measured between the 2 masks
mean of all modified Hausdorff thicknesses
measured between the 2 masks
array of all inner mask surface area measurements
per slice
total surface area of ROI's inner mask, i.e.,
roi_wm_sa

subj_roi_hem_GM_vol_step(step_size).mat

array of the area between the masks, measured per
slice

subj_roi_hem_total_GM_vol_step(step_size).mat

total ROI volume, i.e., roi_gm_vol

For an example on how this tool can be used, please refer to our short tutorial page. A workflow page is also available
highlighting communication between all the functions.
Additional Figure Information:
Masks2Metrics traverses one pair of ROI segments at a time and all the slices in which these segments appear. The value
of segments is specified when calling the function. If the masks2metrics code is run with draw set to one ( 1 ), 2
figures are generated by the software, for every slice of every segment:
the first generated figure contains 2 subplots. The first subplot (on the left) is of the 2 segments in the current slice,
with blue squares indicating their start points and red squares indicating their end points. Subplot 2 (on the right)
again plots the 2 segments, this time joining their endpoints to form a 'closed' shape.
the second generated figure contains 3 subplots. The first is of the same 'closed' shape as in subplot 2 above, but is
now 'filled', representing the ROI area for the present segment in the present slice (e.g., short tutorial, Figure 2c, f, i).
Once all ROI areas across all segments and slices are acquired, they are added and multiplied by voxel size in the 3
directions to yield total ROI volume. Subplot 2 (bottom left) shows perpendicular thickness measurements, drawn as
red lines, from the inner to the outer mask (e.g., short tutorial, Figure 2b, e, h). Subplot 3 (bottom right) shows
perpendicular thickness measurements, drawn as red lines, from the outer to the inner mask (e.g., short tutorial,
Figure 2a, d, g). If all measurements for either subplot 2 or 3 are zero, then the corresponding subplot is not drawn.
Warning:
Remember to set draw to zero ( 0 ) when calling masks2metrics if you do not want any figures. All metrics will be
generated and saved regardless of draw 's value.
Pages 3
Find a Page…

H
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Home
Short tutorial
Workflow
Clone this wiki locally
https://github.com/Edinburgh-Imaging/Masks2Metrics.wiki.git
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and review code, manage projects, and build software together.
Sign up

Short tutorial
smikhael edited this page on Dec 24, 2017 · 6 revisions

Short Tutorial

Pages 3
Find a Page…

Download and unzip the folder entitled example located on the home page. It contains 3
manually segmented outer and inner (GM and WM) masks (of the form 1_sfg_l_gmXX.nii and

Home

1_sfg_l_wmXX.nii) which make up part of a subject's left superior frontal gyrus, or SFG. The

Short tutorial

masks were drawn on the subject's difference volume, T1-T2, rather than their T1 volume in
order to improve the image's contrast (Figure 1).

Workflow
Clone this wiki locally
https://github.com/Edinbur

Figure 1. The T1 (a), T2 (b), and difference volume T1-T2 (c) of a healthy 57-year-old male, and
a partial segmentation of the left superior frontal gyrus using 3 sets of paired masks, or
segments (d). For more accurate GM-WM masks, the paired masks were drawn on the
difference volume rather than on the raw T1 volume.
To process these segments, type the following:
[s1_sfg_gm_th,s1_sfg_l_gm_vol,s1_sfg_wm_sa] = masks2metrics(1,3,'sfg','l',3,1)

and hit Enter .
In this example, masks2metrics is applied to subject 1 ( subj=1 ), whose region of interest,'sfg'
( roi='sfg' ), is situated in the left hemisphere ( hem='l' ) and has been drawn using 3 sets of
paired masks, or segments ( segments=3 ), of the form 1_sfg_l_gmXX.nii and 1_sfg_l_wmXX.nii.
The step size to be used for thickness calculations is 3 ( step_size=3 ), and metrics-related GUI
will be displayed ( draw=1 ).
You are next prompted to enter the direction along which the region of interest, i.e., 'sfg', is
drawn: '1' for saggital (i.e., along the x-axis), '2' for coronal (i.e., along the y-axis), or '3' for axial
(i.e., along the z-axis). In this case, it is the axial direction, or z-axis, so type 3 and hit Enter .
Figure 2 shows snapshots of the metrics calculated in the same axial slice for each of the 3
paired segments, or masks, with one segment per row. Inner to outer mask thickness
measurements for the 3 paired masks in a sample slice can be seen in the first column, outer to
inner mask thickness measurements in the second column, and ROI volume calculations in the
third column. Refer to the 'Additional Figure Information' section on the Wiki home page for
extra figure details.
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Figure 2. A snapshot of Masks2Metrics’s analysis of an ROI defined by 3 paired masks or
segments, in a sample slice. Each row represents calculations for one of the segments- row 1 (ac): segment 1, row 2 (d-f): segment 2, row 3 (g-i): segment 3. The thickness of the ROI is
calculated by averaging all nonzero thicknesses- outer to inner (a, d, g) and inner to outer (b, e,
h)- across all slices . The ROI’s volume is calculated by summing the ROI’s areas across all
segments and slices (c, f, i). Similarly, the inner mask’s surface area is calculated by summing the
areas of the 3 segments’ inner (e.g., WM) masks across all slices. Voxel size is incorporated in all
the measurements.
The 3 metrics are calculated for the ROI defined by the 3 segments. The final output is as
follows:
s1_sfg_gm_th =

1.8955

s1_sfg_l_gm_vol =

1256

s1_sfg_wm_sa =

423.8885

Additionally, the gyrus's corresponding mean Fréchet and modified Hausdorff distances are
saved at the matrix files 1_sfg_l_mean_frechet_step3.mat and
1_sfg_l_mean_modified_hausdorff_step3.mat, respectively.

49

Dismiss

Join GitHub today
GitHub is home to over 28 million developers working together to host
and review code, manage projects, and build software together.
Sign up

Workflow
smikhael edited this page on Oct 16, 2017 · 7 revisions
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Home
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Workflow
Clone this wiki locally
https://github.com/Edinbur

Figure 1. A workflow diagram depicting how all the Masks2Metrics functions relate to one
another. Variables in/out are described in the functions' headers.
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3.3 Conclusion

Masks2Metrics is an independent Matlab toolbox which quantitatively assesses of region-ofinterest morphometry via 3 measurements: thickness, volume and inner surface area. We
expect Masks2Metrics to be of significant benefit to the neuroimaging community, and
beyond, be it to measure ground truth parcels or to develop and validate image analysis
packages.
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4. A Ground Truth Dataset and Parcellation
Protocol
4.1 Introduction
With a standalone metrics tool now available (i.e., Masks2Metrics, Chapter 3) for assessing
regions-of-interest (ROIs) that are in Neuroimaging Informatics Technology Initiative (NifTI)
format, we proceeded to compile a ground truth dataset representing 10 healthy middleaged subjects through 3 cortical gyri per subject hemisphere. We manually outlined the 3
gyri by following a consistent parcellation protocol (Appendix A) that we developed and
based on popular anatomical atlases. The dataset, named ‘Edinburgh_NIH10’, is freely
available on the University of Edinburgh’s public repository, DataShare, and is referenced as
follows: (Bastin, Wardlaw, Pernet, & Mikhael, 2017)

We also submitted a manuscript to Scientific Data in February 2018 entitled ‘Manuallyparcellated data and gyral protocol accounting for all known anatomical variability’, detailing
all aspects of the dataset. The submission is presently in its second revision and comprises
Section 4.2. Appendix A, contains the cortical parcellation protocol which we developed and
followed.

4.2 Manually-Parcellated Data and Gyral Protocol Accounting for
All Known Anatomical Variability
[submitted to Scientific Data in February 2018, 2nd revision]

4.2.1 Authors
Shadia S. Mikhael1, Grant Mair1, Maria Valdes-Hernandez1, Corné Hoogendoorn2, Joanna
Wardlaw1, Mark E. Bastin1, Cyril Pernet1
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4.2.2 Affiliations
1. University of Edinburgh, Centre for Clinical Brain Sciences (CCBS), The Chancellor's
Building, 49 Little France Crescent, Edinburgh EH16 4SB, UK
2. Canon Medical Research Europe, Bonnington Bond, 2 Anderson Place, Edinburgh EH6
5NP, UK

4.2.3 Abstract
Morphometric brain changes occur throughout the lifetime and are often investigated to
understand healthy ageing and disease, to identify novel biomarkers, and to classify patient
groups. Yet, to accurately characterise such changes, an accurate parcellation of the brain
must be achieved. Here, we present a manually-parcellated dataset of the superior frontal,
the supramarginal, and the cingulate gyri of 10 healthy middle-aged subjects along with a
fully detailed protocol based on two anatomical atlases. Gyral parcels were hand-drawn then
reviewed by specialists blinded from the protocol to ensure consistency. Importantly, the
protocol allows accounting for anatomical variability beyond what is usually achieved by
standard analysis packages and avoids mutually referring to neighbouring gyri when defining
gyral edges. We also provide grey matter thickness, grey matter volume, and white matter
surface area information for each parcel. This dataset and corresponding measurements are
useful in assessing the accuracy of equivalent parcels and metrics generated by image
analysis tools and their impact on morphometric studies.

4.2.4 Background & summary
To study large morphological brain changes associated with ageing and disease, magnetic
resonance imaging (MRI) data of the brain are acquired then analysed, often by segmenting
tissue types (i.e. grey matter, white mater, cerebro-spinal fluid) and parcellating the brain
into regions which are defined by gyri and sulci. Most gyral volumes that are publicly available
have been derived either automatically or semi-automatically. The latter group typically
stems from automated parcellation (or segmentation), followed by manual changes,
correcting for errors often due to inaccuracies in the segmentation and/or the parcellation
scheme (Klein & Tourville, 2012; Mikhael, Hoogendoorn, Valdes-Hernandez, & Pernet, 2018).
Because of the manual aspect, they are usually classified as ‘manually-generated’. These
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datasets are considered as the ‘gold standard’ and exist for the various brain regions—
cortical (Klein & Tourville, 2012; Ranta et al., 2009), subcortical (Bartel et al., 2017), abnormal
(such as tumours or lesions (Menze et al., 2015)), and the whole brain (LPBA40 (Shattuck et
al.,

2008);

NeuAtlas

(Neuromorphometrics,

Inc.

NeuAtlas,

http://www.neuromorphometrics.com/?p=315)— although they are not always available to
the public (Bartel et al., 2017). In theory however, manually-generated data should only refer
to volumes that are hand-drawn, from beginning to end, and are therefore free of softwarerelated bias. Because the manual process is very tedious and time-consuming, such datasets
are very rare (e.g., MNI-HISUB25 (Kulaga-Yoskovitz et al., 2015)).

Irrespective of the nature of segmentation, available datasets rarely provide population
demographics, details on how the regions have been drawn or obtained, or whether
anatomical variations are considered (Mikhael et al., 2018). Scarce attempts have been made
in retrospect to address these issues (Klein & Tourville, 2012). This situation proves to be
challenging for end-users following such tools’ parcellation protocols, particularly when it
comes to anatomical variability, leaving lots of room for assumptions, misinterpretations,
and inconsistent parcellations, all of which are undesirable. Previous work suggests that
automated image analysis tools reliant on these protocols go on to produce differing
representations of the similarly named same gyrus, rendering interpretation and/or
comparisons impossible (Bohland, Bokil, Allen, & Mitra, 2009; Mikhael et al., 2018;
Schoemaker et al., 2016).

For more clarity on these essential aspects, we created a new parcellation protocol, based
on two anatomical atlases (Duvernoy, 1999; Ono, Kubik, & Abernathey, 1990), detailed in
Appendix A. The protocol describes 3 particular gyri— the superior frontal gyrus (SFG), the
supramarginal gyrus (SMG), and the cingulate gyrus (CG)— while providing methodical stepby-step instructions for identifying each of their borders. These 3 gyri are known to exhibit
structural changes in ageing (Thambisetty et al., 2010) and dementia (Bakkour, Morris, &
Dickerson, 2009; Boccardi et al., 2005; Jones et al., 2006; Rosen et al., 2002) populations, and
to significantly differ between sexes (Sowell et al., 2007; Thambisetty et al., 2010).
Ultimately, all gyri should be defined in a manner that allows for morphological variability to
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be accounted for, making automated parcellation tools more reliable. The current protocol
and associated data are therefore mostly of relevance to those investigating populations for
whom these gyri are seen to be affected, and can be used, for example, to check that the
tool under investigation accounts for the variability we describe. The protocol and data can
also benefit those seeking to improve or develop parcellation tools and protocols.

Our 2 contributions, a reproducible methodical protocol and a consistent dataset of SFG,
SMG, and CG for 10 subjects, should prove useful to the brain imaging community given how
rare manually-segmented datasets are. We include complete population demographics and
a detailed protocol that accounts for anatomical variability such as interruptions, connections
and branching. The protocol could be used in several ways including (1) as a reference to
develop new protocols and/or to enhance existing ones, generating more reliable
parcellation schemes, or (2) to create new, clearly-bound, and consistent ground truth
datasets. Additionally, our 60-gyrus dataset could be used as a reference (rather than
absolute truth) to assess inter-package parcellation differences as well as corresponding
metrics or to validate a novel or improved parcellation tool. Although the sample size is small,
these data are a good example of the limited morphological changes that an upper middleaged healthy population undergoes, and a valuable ground truth for studies investigating the
effects of ageing and/or disease on cohorts of similar age.

We would encourage that a methodical approach, similar to that of our protocol, be taken
to identify every gyral border. This would eliminate all unknowns and assumptions (Mikhael
et al., 2018), as well as promote consistent, clearly-bound parcellation protocols.

4.2.5 Methods
4.2.5.1 Dataset methods
4.2.5.1.1 Subjects
Ten healthy right-handed non-smoking subjects (5 male, 5 female, age range 55-64 years
old), not on any medication, were randomly selected among a larger NIH-funded study (NIH
grant R01 EB004155) involving 80 healthy subjects. MRI data were collected at the Western
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General Hospital (Edinburgh, UK) and structural scans were examined by a fully-qualified
radiologist, confirming all subjects were in good health.
4.2.5.1.2 Data acquisition
The scans and cognitive tests were acquired and administered in 2008-2012 (results
summarized in Table 4.1), prior to the development of community reporting standards,
however, all data were systematically collected and reported. The local ethics committee
approved the study and informed consent was obtained from each patient. For each of the
10 subjects in this dataset, 4 MRI volumes were obtained: coronal high resolution 3D T1weighted (T1w), axial T2-weighted (T2w), T2*-weighted and T2 FLAIR. All scans were
acquired on a 1.5T MRI scanner (General Electric, Milwaukee, WI, USA) at the Brain Research
Imaging Centre in Edinburgh (UK). Further details can be found in Tables 4.2 and 4.3 of the
Data Records section).
A medical questionnaire and a battery of cognitive subtests from the 4th edition of the
Wechsler Adult Intelligence Scale (WAIS-IV (Weschler, 2008)) were administered to each
healthy volunteer. Checks were made to ensure that they scored within the normal range
(Table 4.1).
The general practitioner (GP) of every volunteer was contacted twice throughout the study:
once to inform them of the subject’s participation in the study’s details (along with the
study’s information sheet), and once more to inform them of the scan’s outcome.
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Subject ID

1

2

3

4

5

6

7

8

9

10

Subject Demographics
Age

57

56

63

64

64

57

59

61

62
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Gender

M

M

F

F

M

F

F

F

M

M

LogMemOne25

20

18

15

19

15

18

20

22

19

16

NART50

44

38

32

30

41

42

45

42

41

44

DigSymb133

79

79

57

60

69

77

74

82

62

72

BlockDes68

62

54

42

31

59

44

45

45

32

51

LettNumSeq21

14

16

11

14

10

13

19

10

10

10

SimpleRTMean

0.221

0.225

0.233

0.229

0.241

0.223

0.231

0.229

0.233

0.262

SimpleRTSD

0.028

0.031

0.024

0.064

0.03

0.033

0.038

0.047

0.031

0.044

FourChRTMean

0.612

0.529

0.617

0.556

0.595

0.563

0.481

0.546

0.585

0.602

FourChRTSD

0.124

0.096

0.155

0.117

0.103

0.103

0.091

0.111

0.113

0.11

FourChNoErr

1

0

0

0

1

0

0

2

0

2

FourChRTErr

0.41

0

0

0

0.508

0

0

0.556

0

0.633

FourChSDErr

0

0

0

0

0

0

0

0.214

0

0.035

MatrReasg26

21

21

18

19

17

20

14

23

10

17

VerbFluC

16

18

11

11

15

17

19

18

14

13

VerbFluF

10

14

13

13

15

15

18

17

12

20

VerbFluL

16

14

17

13

12

12

17

18

14

17

LogMemTwo25

17

18

13

14

12

19

17

17

17

10

VFtot

42

46

41

37

42

44

54

53

40

50

Cognitive Scores

Table 4.1. Demographics and cognitive scores of the 10 subjects used for this study, with
scores reported in the order in which the tests were administered. LogMemOne25: Logical
Memory 1; NART50: National Adult Reading Test; DigSymb133: Digit-Symbol Substitution
Test; BlockDes68: Block Design Test; LettNumSeq21: Letter Number Sequencing; Both the
Simple and Four-Choice Reaction Time Tests(Deary, Liewald, & Nissan, 2011) were
administered, reporting overall mean (SimpleRTMean and FourChRTMean, respectively), and
overall standard deviation for correct responses (SimpleRTSD and FourChRTSD, respectively);
Additionally, the number of errors (FourChNoErr) as well as the mean (FourChRTErr) and
standard deviation (FourChSDErr) of response time for incorrect responses were reported for
the Four-Choice Reaction Time Test. MatrReasg26: Matrix Reasoning test; VerbFluC/F/L:
Verbal Fluency test for the letters ‘C’, ‘F’, and ‘L’, respectively; LogMemTwo25: Logical
Memory 2; VFtot: total score for Verbal Fluency test (letters ‘C’, ‘F’ and ‘L’).
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4.2.5.1.3 Data preparation
Given the limited contrast between grey matter (GM), white matter (WM) and cerebrospinal
fluid (CSF) at 1.5T, we adopted a multispectral method to enhance the raw subject volumes
prior to parcellation (Figure 4.1). The method would better the anatomical accuracy without
altering the intensities in the neighbourhood of the tissue boundaries. To achieve this we
combined the T1-weighted and T2-weighted volumes as detailed in the steps below:
1. convert all volumes from dicom to ANALYZE 7.5 format (.hdr and .img files) using inhouse software as we had initially intended to parcellate in Analyze 12 (Analyze12.
AnalyzeDirect, Inc. https://analyzedirect.com/)
2. convert the coronal T1w volume to an axial T1w volume
3. flip the T1w volume, using Analyze 12, along the y- and z-axes for neurological
orientation
4. register the T1w volume to the T2w volume using FLIRT (Greve & Fischl, 2009;
Jenkinson, Bannister, Brady, & Smith, 2002; Jenkinson & Smith, 2001). The T1w and
T2w volumes are now in radiological convention
5. flip the T1w and T2w volumes along the y-axis for correct neurological orientation
using Analyze 12
6. bias field correction of the co-registered T1w volume in 3D Slicer
(http://www.slicer.org), version 4.3.1 (Fedorov et al., 2012), using the ‘N4ITK MRI bias
correction’ module and default N4 parameters. The T1w volume is saved again in
radiological convention
7. flip the T1w and T2w volumes again along the y-axis for neurological correct
orientation using Analyze 12
8. exclude the least occurring intensities in the T1w volume, as shown in the histogram,
using Analyze 12
9. subtract the T2w volume from the T1w volume using Analyze 12’s image calculator
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Figure 4.1. Contrast enhancement using T1w-T2w volume difference (subject 2).
The raw T1w volume (a) had low GM-WM contrast (yellow stars) as well as low GM-CSF
contrast (red arrows), particularly visible at the sharp bends in the cortical surface and the
small CSF spaces. By registering the subject’s T1w volume to the T2w volume (b), bias field
correction, and subtraction, we generated a difference volume (c) with enhanced contrast
(blue stars and yellow arrows), allowing for simpler and more accurate manual parcellation.

4.2.5.2 Protocol methods
The variability of folding patterns is very large, making it a challenge to accurately incorporate
them into gyral definitions. The number of folds in a gyrus may increase or decrease, and
sulci may experience a combination of branching, connections, interruptions, and absences
(Ono et al., 1990). Given that sulci are the landmarks most commonly used for defining gyral
borders, their misrepresentation can significantly skew gyral representations, producing false
over- or under-estimations of them. It therefore becomes crucial to define parcellation
protocols in a manner that is clear and flexible enough to incorporate and reflect all
recognised variability, but with consistent reproducibility. Existing protocols fail to do so as
they either omit some forms of variability reported in the literature or fail to clarify how a
particular form (e.g., sulcal absence, sulcal discontinuity, double sulcal occurrence, etc.) shall
be addressed by the protocol (Mikhael et al., 2018).
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We have now endeavoured to advance the gold standard for parcellation through a novel,
structured protocol which we believe is methodical and flexible enough to incorporate all
known forms of variability for each of 3 cortical gyri. We also provide a sample gyral dataset
which we derived following this protocol.

4.2.3.5.1 Protocol details
Gyral parcellation is most often equivalent to the parcellation of GM, which is what we
endorse in the present parcellation protocol (Appendix A). Cortical GM is bound by CSF
externally and WM internally. To define these two borders, or surfaces, we instruct the user
to create two separate paired masks (or borders), one for the GM’s outer border and one for
its inner border.
We consulted 2 brain atlases to devise a comprehensive protocol for the SFG, SMG and CG.
The first atlas, by Duvernoy (Duvernoy, 1999), indicates the general location of each gyrus,
in various views and throughout the brain, however, sulcal variability details such as
interruptions, connections, and branching are missing. The second, by Ono et al. (Ono et al.,
1990), thoroughly describes sulcal patterns and variability, but rarely in relation to adjacent
gyri. Despite their variability, sulci are the main gyral delimiters, necessitating a clear
understanding of them and of the consequent gyral variations. By combining the valuable
details from both anatomical sources (gyral location from the first and the patterns and
variability of their delimiters from the second), we moulded a single, accurate, consistent and
detailed protocol for the three gyri. For each gyrus we first specify the view (axial, sagittal, or
coronal) in which it is to be identified and drawn, while naming all gyral borders, mainly sulci.
We then provide detailed, step-by-step instructions on drawing the gyrus from start to end,
along the direction in which it propagates, in addition to information on the known variations
that may be encountered and how to address them. We occasionally resort to a notch or
artificial line rather than a sulcus to mark a clear start or end to the segmentation, for the
sake of consistency and reproducibility. Illustrations accompany the instructions for
clarification purposes.

61

Because of the gyral folding pattern (frequency and sharpness of turns), software can fail to
accurately outline the anatomy (e.g., sulcus, gyrus, or surface). Furthermore, with cortical
thickness ranging from 1mm to ~5mm (von Economo, 1929; Zilles, 1990), it becomes more
difficult to identify the grey and white matter boundaries due to partial volume effects. We
therefore used multiple segments to represent these boundaries, while accurately following
each rise and fall in the cortical surface.

4.2.5.2.2 Parcellation details
For each of the 10 subjects, we first loaded the enhanced difference volume (T1w-T2w) in
MRIcron (https://www.nitrc.org/projects/mricron, version 22DEC2015), of voxel size
1x1x2mm. Then we manually traced the paired masks representing outer and inner GM
borders for the SFG, SMG and CG in both the right and left hemispheres following the predefined protocol (Appendix A). Importantly, this was done for every discontinuity and every
sharp change in curvature. As a result, many segments were required to outline a single
gyrus. The segments were merged to form a single volume for each gyrus. A workflow
detailing how the derived data were made is illustrated in Figure 4.2.

A standard approach for validating a parcellation protocol is to obtain equivalent manual
segmentations from several experts. We instead sought to validate the consistency of our
manual parcellation, i.e., the anatomical landmarks defining the gyral borders which are
known to vary across hemispheres and subjects. This alternative method is very similar to
that of Klein and Tourville (Klein & Tourville, 2012) where the authors first automatically
parcellated the brains using their older protocol (Desikan et al., 2006), then followed it with
manual corrections based on the anatomical variability they detected in each of the subjects
which the automated method failed to identify. Here, after reviewing the 2 anatomical brain
atlases (Duvernoy, 1999; Ono et al., 1990) and writing the protocol, the first author (SM)
manually segmented and parcellated all 10 subjects’ regions of interest. They were then
revised for landmark consistency and accuracy by 2 experts, CP and GM, who were blinded
from the protocol. When inconsistency was found across subjects, the protocol was
amended, and the regions were redrawn and reviewed again. Consecutive revisions by the 3
authors and protocol updates continued until an agreement was reached on the dataset’s
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anatomical accuracy and consistency as well as the comprehensiveness of the protocol with
regards to variability.

Because we did not seek to validate the tissue segmentation itself (grey matter-cerebrospinal
fluid and grey matter-white matter borders), but the consistency of the parcellation scheme,
the signal intensity (after enhancement) and spatial resolution of 1.5T MRI is adequate for
this task.

Figure 4.2. Workflow depicting the stages followed to create the derivative masks. From the
source T1w and T2w data, difference volumes were generated and gyral borders were
outlined using multiple segments. The segments were then combined into a single 4D and a
single 3D file for each gyrus (top). For comparison purpose, a multispectral segmentation of
grey and white matter tissue was also performed using SPM12 (bottom).

4.2.5.3 Code availability
The Matlab (https://uk.mathworks.com/products/matlab.html, R2016a) code used to
generate the combined segments as derivative files can be found alongside the data (Bastin
et al., 2017).

63

To validate the manual parcellation of the gyri of interest, we computed the mean thickness
of each (GMth), using all paired segments, and compared them to FreeSurfer version 5.1’s
outputs. This was done using the Masks2Metrics (M2M) software version 1.0 (Mikhael &
Gray, 2018a, 2018b), freely available to all users under the GNU General Public License. The
latest

version

of

the

software

is

available

at

https://github.com/Edinburgh-

Imaging/Masks2Metrics.

4.2.6 Data records
All the data used and created by this study are available in the Edinburgh DataShare
repository (Bastin et al., 2017). Data are organized following the Brain Imaging Data Structure
(BIDS (Gorgolewski et al., 2016), also defined at http://bids.neuroimaging.io/) with the T1
and T2 weighted volumes as source and the parcellation volumes as derivatives. Tables 4.2
and 4.3 summarize the MRI parameters and Table 4.4 summarizes the additional ROI details.
The number of paired segments ranged from 24 to 59 for the SFG, 3 to 16 for the SMG, and
16 to 54 for the CG. This number tended to increase with the increase in cortical folding as
well as cortical variability such as discontinuities and double gyrus occurrences.

T1w MRI parameters
Scanning sequence

Fast spoiled gradient-echo

Repetition time (TR)

9.8ms

Echo time (TE)

4.01ms

Flip angle

8⁰

Inversion time

500ms

Matrix size

256 x 156 x 256

Voxel size

1mm x 1.3mm x 1mm

Table 4.2. A summary of the T1w MRI parameters.
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T2w MRI parameters
Scanning Sequence

Spin echo

Repetition time (TR)

11320ms

Echo Time (TE)

104.9ms

Flip Angle

90⁰

Matrix size

256 x 256 x 80

Voxel size

1mm x 1mm x 2mm

Table 4.3. A summary of the T2w MRI parameters.

ROI details- # paired WM and GM segments
Subject
ID
SFG (L/R)
SMG
(L/R)
CG (L/R)

1

2

3

4

5

6

7

8

9

10

52/55
11/9

58/52
11/16

59/53
11/10

51/40
15/6

24/39
8/9

30/39
8/8

46/58
9/4

15/32
10/11

37/57
3/7

37/31
7/7

30/23

31/41

16/23

20/30

54/27

39/30

24/25

34/33

27/35

27/27

Table 4.4. The number of paired WM and GM segments varied across subjects and
hemispheres depending on cortical variability and the degree of folding.

Method

M2M

FS

MMHD

Metric

SFG

SMG

CG

Thickness (mm)

2.48[2.22 2.65]

2.28[1.91 2.44]

1.92[1.82 2.02]

Volume (mm3)

20178.41[11612.83
22082.02]

3694.25[2318.42
5645.28]

15355.40[11744.02
17526.65]

Surface area
(mm2)

5225.54[2460.34
5812.78]

1061.21[660.83
1558.56]

5627.03[4070.78
6370.85]

Thickness (mm)

2.50[2.33 2.54]

2.46[2.31 2.53]

2.40[2.29 2.51]

Volume (mm3)

19545.81[15159.22
20869.87]

10282.99[8050.29
11112.30]

9051.20[7468.71
9978.39]

Surface area
(mm2)

6605.53[5116.19
6997.09]

3660.12[3076.91
3876.87]

3433.69[2730.04
3784.79]

Thickness (mm)

2.64[2.45 2.79]

2.78[2.33 2.94]

2.70[2.47 2.92]

Table 4.5. Gyral metrics, averaged for the left and right hemispheres, as measured by M2M,
FreeSurfer (FS), and mean modified Hausdorff distance (MMHD). Median and 95% highest
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density intervals (median [HDI]) are reported for the superior frontal gyrus (SFG),
supramarginal gyrus (SMG) and cingulate gyrus (CG). Raw (source by hemisphere and
subjects) data are available under SuperiorFrontalGyrus.tsv, SupraMarginalGyrus.tsv, and
CingulateGyrus.tsv (Mikhael & Pernet, 2018).

The grey matter thickness, grey matter volume, and white matter surface area information
for each parcel is available in SuperiorFrontalGyrus.tsv, SupraMarginalGyrus.tsv, and
CingulateGyrus.tsv (Mikhael & Pernet, 2018). Columns 2-10 contain FreeSurfer-derived
metrics, columns 11-19 contain Masks2Metrics-derived metrics, and columns 20-22 contain
mean

modified

Hausdorff

distance

(MMHD,

https://uk.mathworks.com/matlabcentral/fileexchange/29968-modified-hausdorffdistance) metrics. Further metrics details can be found in the Technical Validation section
below.

4.2.7 Technical validation
As mentioned in the ‘Parcellation Details’ section, we validated the protocol using a blinded
review of the data checking between subjects consistency whilst still considering of all known
forms of cortical variability. A scanner strength of 1.5T was sufficient as we did not seek to
validate the grey matter-cerebrospinal fluid and grey matter-white matter border
segmentation itself, but the consistency in parcellation and border identification despite all
sorts of cortical variability, across hemispheres and subjects.
To quantitatively assess the parcellation protocol, we compared the average thickness,
volume and surface area of each gyrus/sulcus from our parcellation to that of FreeSurfer
(version

freesurfer-Linux-centos4_x86_64-stable-pub-v5.1.0).

Although

anatomical

variations are not accounted for as much as in our protocol (Mikhael et al., 2018), it still
provides a valuable comparison, as variations should not be substantial, in particular for
average thickness (Fischl & Dale, 2000). We also computed MMHD which, like FreeSurfer, is
computed by averaging the shortest distance from each voxel on one segment to the other
segment, in both directions. M2M on the other hand measures the average of the
perpendiculars drawn from one segment to the other, in both directions. We computed this
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distance for the inner and outer GM masks and compared it to those of the other two
methods (Table 4.5).

We ran FreeSurfer using default settings to process each subject’s T1w NifTI volume, then
limited our investigations to the output of the Desikan-Killiany protocol (Desikan et al., 2006)
– specifically SFG, CG and SMG parcellations – and corresponding measurements. FreeSurfer
developers recommend that manual checks and corrections typically follow automated
parcellation, however, they were omitted in our case for two main reasons: (1) so as not to
introduce human error/bias, and (2) the corrections would not have a drastic effect on ROI
average thickness, while equalizing volume and surface area because of our edits (detailed
under ‘Data Preparation’). For the SFG and SMG, metrics for the corresponding FreeSurfer
labels were used, ‘superiorfrontal’ (label 80) and ‘supramarginal’ (label 83) respectively,
while for the CG, 4 FreeSurfer labels (‘rostralanteriorcingulate’, ‘caudalanteriorcingulate’,
‘posteriorcingulate’ and ‘isthmuscingulate’, or labels 78,55,75,62) were used to ensure ‘likefor-like’ comparison.

Generally, gyrus thicknesses, as derived by the 3 methods, are in agreement with lateral
(3.5mm), medial (2.7mm) and overall (2.5mm) cortical thicknesses measured in post-mortem
brains (von Economo, 1929) (Figure 4.3). A percentile bootstrap on median differences
showed no difference for the SFG between M2M and FreeSurfer (median difference 0.02 [0.08 0.13] p=0.68), and lower M2M estimates for the SMG (median difference 0.18 [0.09 0.3]
p=0.001) and CG (0.51 [0.36 0.59] p=0.001). These last two differences are mainly due to the
large variability in the ROIs’ bordering landmarks. Furthermore, the CG consisted of a large
number of short segments implying that fewer perpendicular M2M thickness measurements
were nonzero compared to the corresponding shorter-distance measurements of FreeSurfer.
Because both the MMHD and FreeSurfer seek the shortest distance, their results should be
comparable. FreeSurfer measurements are however made in 3D while our approaches rely
on 2D leading to an overestimation (SFG median difference 0.18 [0.06 0.27] p=0.006; SMG
median difference 0.31 [0.13 0.45] p=0.001; CG median difference 0.28 [0.12 0.52] p=0.002).
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Figure 4.3. Cortical thickness measurements as calculated by Masks2Metrics, FreeSurfer and
the mean modified Hausdorff distance (MMHD), along with corresponding non-parametric
density estimates of the thickness (the thick lines represent the median). The regions
measured by the tools, from left to right, are the SFG (a), SMG (b), and CG (c).

As our parcellation protocol accounts for anatomical variations such as a double CG, which
we encountered in 5 of the 10 subjects’ hemispheres, significantly larger mean CG GM
volume (Figure 4.4c) and in turn mean WM surface area (Figure 4.4f) measurements are
observed in the manually-derived parcels compared to their corresponding FreeSurfer
counterparts (median volume difference 6304.2 [3627.08 8806.70] p=0.002; median surface
area difference 2193.34 [1276.27 3179.56] p=0.002). In the event of a double CG, the SFG on
the medial surface ‘loses’ its inferior-most fold to the CG in our protocol (Figure 4.5a),
compared to FreeSurfer (Figure 4.5b-d). This explains why our manually-derived SFG WM
surface areas are smaller than their corresponding FreeSurfer-derived ones ((Figure
4.4d- median difference 1379.99 [529.01 2468.41] p=0.002), and to a lesser extent also GM
volumes, although not significantly (Figure 4.4a - median volume difference 632.61 [-3105.74
3680.1] p=0.63). The double cingulate occurrences in our cohort also explain the wider
distributions for both the CG (Figure 4.4c, f) and SFG (Figure 4.4a, d).
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The greatest disagreement between the two methods was evident when calculating SMG
metrics. This is most likely due to the inferior border of the SMG in our protocol being more
superior than that of FreeSurfer, lending to smaller manually-segmented parcels, and
therefore smaller parcel volumes (Figure 4.4b) and inner mask surface areas (Figure 4.4e)
with M2M than with FreeSurfer (median volume difference 6588.74 [4165.12 7873.76]
p=0.002; median surface area difference 2598.92 [2012.17 2954.39] p=0.002).

Figure 4.4. Volume (GMvol) and surface area (WMsa) measurements computed by M2M and
FreeSurfer, along with their corresponding non-parametric density estimates (thick lines
represent the median). SFG metrics (a, d) are most similar between the two techniques,
although a larger metric distribution is seen at both the SFG (a, d) and CG (c, f), mainly due to
cortical variability in the cingulate sulcus which is not always accounted for by FreeSurfer. The
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greatest disagreement between the methods is seen at the SMG where we observed smaller
parcel volumes (b) and surface areas (e) with M2M than with FreeSurfer.

Not only do parcellation schemes (and tools) have direct implications on the morphometrics
of the regions they outline, but also on any concomitant analyses. To demonstrate this, we
conducted 3 independent regression analyses on the CG metrics (thickness, volume and
surface area), as measured by M2M and FreeSurfer, with respect to the National Adult
Reading Test (NART) score. The NART is a WAIS-IV subtest (reported as NART50 in Table 4.1
and available with the MRI data).

Figure 4.5. A demonstration of protocol differences stemming from cortical variability, as
seen in several subjects. With our protocol, the double cingulate sulcus scenario for subject
5’s left hemisphere, shown in the T1w-T2w difference volume, contributes to a CG with two
folds (a), whereas with FreeSurfer’s protocol, the superior fold is mostly (inside the yellow
box) a part of the SFG (b). Parts of the upper CG fold are similarly omitted by FreeSurfer in the
left hemispheres of subjects 1 (c) and 6 (d).
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The highest density interval (HDI) of the difference in regression coefficients did not differ
between our parcellation and FreeSurfer’s for CG thickness (HDI: [-0.001 0.0006], Figure
4.6a), but was statistically different for both CG volume (HDI: [-0.0016 -0.0021], Figure 4.6b)
and surface area (HDI: [-0.0025 -0.0002], Figure 4.6c), with no association using either
parcellation scheme. These 2 differences (p=0.001) are still significant after the Bonferroni
correction (0.016).
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Figure 4.6.

Regression analysis on CG metrics. CG

thickness (a), volume (b), and surface area

(c) as measured by M2M and FreeSurfer

with respect to NART scores.
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It is understandable that when dealing with large datasets it is not possible to manually
segment the entire ground truth. However, from what we have observed with our small
cohort, cortical variability is not rare. It is therefore crucial to be aware of the variability
details of any regions of interest, and when working with automated tools to check for
variability considerations to best assess the implications this may have on the results, if any.
The data presented here provide in that sense a good testing ground for automated MRI
parcellation.

4.2.8 Usage notes
All previously described data is freely available at the Edinburgh DataShare repository (Bastin
et al., 2017) under the CCBY license.
Masks2Metrics is a tool that is freely available on GitHub, at https://github.com/EdinburghImaging/Masks2Metrics, under the GNU General Public License (archived version used for
the results presented available at Edinburgh DataShare repository (Mikhael & Gray, 2018a)).
The tool has also been published in the Journal of Open Source Software (JOSS) (Mikhael &
Gray, 2018b).
Results for the Technical Validation section were derived by running our Matlab code
(Matlab_code_to_derive_stats_and_figs.m, (Mikhael & Pernet, 2018)) which uses the parcel
metrics of SuperiorFrontalGyrus.tsv, SupraMarginalGyrus.tsv, and CingulateGyrus.tsv
(Mikhael & Pernet, 2018).

4.2.9 Author contributions
SM recruited the healthy volunteers, organized their scanning, administered and scored the
cognitive tests, manually segmented the gyri, co-wrote Masks2Metrics, processed the data,
and wrote and revised the manuscript.
GM reviewed and advised on all manual parcellations, and revised the manuscript.
MV-H and CH gave advice throughout the development of Masks2Metrics and revised the
manuscript.
MEB was Principal Investigator on the study, and revised the manuscript.
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JW revised the manuscript.
CP provided input throughout the development of the tool Masks2Metrics, reviewed and
advised on the manual parcellations, conducted the statistical analysis, and revised the
manuscript.
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4.3 Conclusion
We have constructed and validated a manually-segmented ground truth dataset which we
expect to assist the community with developing parcellation protocols and for validating
image analysis packages or other ground truth datasets. We have also released a detailed
and consistent parcellation protocol that accounts for anatomical variability and could serve
as a guideline for developing other datasets and protocols.
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5. Cortical Parcellation and Implications
5.1 Introduction

In this chapter we strive to achieve a better understanding of the influences of cortical
parcellation on morphological measures and beyond, across several software packages. We
explore both the qualitative and quantitative aspects of the package outputs by investigating
parcel shapes and measurements, respectively.

5.2 A Controlled Comparison of Thickness, Volume and Surface
Areas From Multiple Cortical Parcellation Packages
[submitted to BMC Bioinformatics in July 2018 along with Appendix B at the end of the thesis]

5.2.1 Authors
Shadia S. Mikhael1* (s1163658@sms.ed.ac.uk),
Cyril Pernet1 (Cyril.Pernet@ed.ac.uk)

5.2.2 Affiliations
1. University of Edinburgh, Centre for Clinical Brain Sciences (CCBS), The Chancellor's
Building, 49 Little France Crescent, Edinburgh EH16 4SB, UK

5.2.3 Abstract
Background: Cortical parcellation is an essential neuroimaging tool for identifying and
characterizing morphometric and connectivity brain changes occurring with age and disease.
A variety of software packages have been developed for parcellating the brain’s cortical
surface into a variable number of regions. Interpackage differences can undermine
reproducibility. Using a ground truth dataset (Edinburgh_NIH10), we investigated such
differences for grey matter thickness (GMth), grey matter volume (GMvol) and white matter
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surface area (WMsa) for the superior frontal gyrus (SFG), supramarginal gyrus (SMG), and
cingulate gyrus (CG) from 4 parcellation protocols.

Results: Corresponding gyral definitions and morphometry approaches were not identical
across the packages. There were differences in the bordering landmarks of each gyrus as well
as in the manner in which variability was addressed. Rostral and caudal SFG and SMG
boundaries differed, and in the event of a double CG occurrence, its upper fold was not
always addressed. This led to a knock-on effect that was visible at the neighbouring gyri (e.g.,
knock-on effect at the SFG following CG definition) as well as gyral morphometric
measurements of the affected gyri. Statistical analysis showed that the most consistent
approaches were FreeSurfer’s Desikan-Killiany-Tourville (DKT) protocol for GMth and
BrainGyrusMapping for GMvol. Package consistency varied for WMsa, depending on the region
of interest.

Conclusions: Given the significance and implications that a parcellation protocol will have on
the classification, and sometimes treatment, of subjects, it is essential to select the protocol
which accurately represents their regions of interest and corresponding morphometrics,
while embracing cortical variability.

5.2.4 Keywords
Cortical parcellation, grey matter, thickness, volume, surface area, superior frontal gyrus,
supramarginal gyrus, cingulate gyrus, brain, atlas.

5.2.5 Background
Various magnetic resonance imaging (MRI) tools have been developed to characterise the
changes that the human brain undergoes over the course of a lifetime. One way to
characterize such changes is through surface-based modelling packages. Following the initial
phase of pre-processing, the packages divide the brain into layers and parcels using a range
of algorithms and atlases. Parcel morphometry is then interpreted through several metrics
such as cortical thickness, or grey matter thickness (GMth (Fischl & Dale, 2000)), grey matter
volume (GMvol (Murphy, Mohr, Fushimi, & Poole, 2014; Shattuck & Leahy, 2002)), white
matter surface area (WMsa, (Fischl & Dale, 2000)), sulcal length and depth (Kochunov, Rogers,
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Mangin, & Lancaster, 2012), gyrification index (Magnotta et al., 1999; Schaer et al., 2012),
and fractal dimensionality (Madan & Kensinger, 2016).

Morphometric analysis software tools are powerful techniques with multiple applications.
Given their ability to examine critical cortical regions, they have proven essential for the
identification of novel biomarkers for disease. Recently, for example, Steenwijk et al.,
(Steenwijk et al., 2016) used local cortical thickness measurements to identify several cortical
atrophy patterns unique to multiple sclerosis patients; Yang et al., (Yang, Beam, Pelphrey,
Abdullahi, & Jou, 2016) investigated cortical thickness, surface area, volume and gyrification
in pre-adolescent boys with autism spectrum disorder; or Liu et al., (Liu et al., 2017) identified
reduced gyrification in the inferior parietal lobes of patients with schizophrenia. Patient
classification is another aspect that benefits from morphological measures. Recently, Cai et
al., (Cai et al., 2017) explored 3 classifiers with various combinations of sulcal width, global
sulcal index, cortical thickness, cortical volume, and subcortical volume to classify patients in
early-stage Alzheimer’s disease. The 2 sulcal metrics were found to be equal to or more
discriminative than the remaining metrics for classification. Guan et al., (Guan et al., 2017)
employed a classifier on cross-sectional and longitudinal data to distinguish between
amnestic and non-amnestic mild cognitive impairment patients using sulcal width, cortical
thickness, grey matter volume, subcortical volume and white matter hyper-intensity volume.
Morphometric analysis has also been used for clearer insight into patient populations.
Hogstrom et al., (Hogstrom, Westlye, Walhovd, & Fjell, 2013), for example, investigated
surface area, local gyrification index, and cortical thickness in healthy adults to characterise
regional “cortical stretching”. More recently, intracranial volume, cortical volume, thickness
and surface area were studied in a young and healthy adult population to investigate their
associations with functional networks (Bajaj, Alkozei, Dailey, & Killgore, 2017), as well as in a
developing young cohort of 7-29 year olds to identify any relationships between them
(Tamnes et al., 2017). Madan and Kensinger (Madan & Kensinger, 2017) assessed the testretest reliability of cortical thickness, gyrification, volume, and fractal dimensionality in a 2030 year-old cohort with 10 scans per subject.

In our previous work, we investigated critical differences between popular brain image
analysis tools with focus on their cortical parcellation protocols (Mikhael, Hoogendoorn,
Valdes-Hernandez, & Pernet, 2018). We identified a lack of details in terms of the reference

81

populations used, inconsistencies in gyral border definitions, and uncertainties with
variability considerations. We concluded with an emphasis on the need for such details due
to the direct influences that the derived parcels would have on any consequent analysis. Here
we present a controlled comparison between software to quantify how differences in
algorithms and protocols led to differences in parcel metrics, in comparison to ground truth
data (Mikhael, Valdes-Hernandez, et al., 2018) and discuss implications for applied studies.

5.2.6 Methods
5.2.6.1 Subjects
Publicly available MRI data from 10 healthy right-handed non-smokers (Table 5.1 - mean
age 59.8) were used (Bastin, Wardlaw, Pernet, & Mikhael, 2017).

Table 5.1. Demographics of the 10 healthy subjects from the NIH-funded study
Subject ID

1

2

3

4

5

6

7

8

9

10

Age

57

56

63

64

64

57

59

61

62

55

Gender

M

M

F

F

M

F

F

F

M

M

5 male and 5 female right-handed subjects of mean age 59.8 were investigated

The subject data, including their T1 and T2-weighted volumes, are publically available in the
Edinburgh DataShare repository (Bastin et al., 2017) organized in Brain Imaging Data
Structure (BIDS, (Gorgolewski et al., 2016)).

5.2.6.2 Data acquisition
All subjects were scanned at the Brain Research Imaging Centre, Edinburgh (UK) in a 1.5T
scanner (General Electric, Milwaukee, WI, USA). A coronal high resolution 3D T1-weighted
(T1w), an axial T2-weighted (T2w), a T2*-weighted and a T2 FLAIR volume were acquired for
each subject, and reviewed by a consultant radiologist ensuring their good health. Additional
details can be found in (Mikhael, Valdes-Hernandez, et al., 2018).
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5.2.6.3 Materials
We chose 3 existing software packages to analyse the raw T1w data of each of the 10
subjects: FreeSurfer (Dale, Fischl, & Sereno, 1999; Fischl, Sereno, & Dale, 1999;
"FreeSurfer,"), BrainSuite (Shattuck & Leahy, 2002), and BrainGyrusMapping (Murphy et al.,
2014). A Linux version of FreeSurfer version 6.0 (freesurfer-Linux-centos6_x86_64-stablepub-v6.0.0-2beb96c) was downloaded onto the department’s server and run using the
default recon-all command, which allowed us to compare their older Desikan-Killiany
protocol (Desikan et al., 2006) to its updated version, the Desikan-Killiany-Tourville protocol
(Klein & Tourville, 2012). BrainSuite version 13a (build#1744, built with Qt 4.8.4 on Sept 11
2013) was installed and run on a Windows 7, 64-bit operating system with 16G RAM, using
the BrainSuite GUI. We used the default Cortical Surface Extraction Sequence, while refining
the sulcal curves for accuracy. A BrainGyrusMapping (BGM, v 11.0.3888 beta= v 1.0)
command-line tool was provided by Canon Medical Research Europea and installed on the
same Windows 7 system. This latter tool is a multi-atlas segmentation tool, originally built
and validated using the data from the Medical Image Computing and Computer Assisted
Intervention (MICCAI) 2012 challenge on multi-atlas labelling (Murphy et al., 2014). We
selected the maximum number of atlases, 28, to be used by this tool rather than the default
number, 7. All tools aside from BGM are freely available to the public. BGM’s parcellation
protocol is freely available as well ("BrainCOLOR cortical parcellation protocol,"). We
additionally ran each tool 3 times on the same platform to assess its repeatability.

The results from these tools were compared to those of our morphometrics tool,
Masks2Metrics (Mikhael & Gray, 2017, 2018), which we ran on the same data with
corresponding consistent ground truth (Mikhael, Valdes-Hernandez, et al., 2018). This
allowed us to conduct a controlled comparison, relative to the ground truth, and measure
the deviation from it.

By investigating individual subject measurements, per subject

hemisphere and relative to Masks2Metrics measurements, we avoid averaging effects and
are able to explore package performance in greater details with regards to anatomical
variability. This is where parcellations’ results vary the most (Mikhael, Hoogendoorn, et al.,
2018). The ground truth here acts as a reference frame, to compare one software against
another, and as such agreement or disagreement with its border definition is irrelevant.
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5.2.6.4 Parcels, metrics and statistical analysis
5.2.6.4.1 Package parcels
The cortical parcellation protocols, and in turn the derived parcels, differed across the 3
packages. We assessed parcels generated by FreeSurfer’s 2 latest and most suitable protocols
for cortical analysis: the Desikan-Killiany (DK, (Desikan et al., 2006)) and the Desikan-KillianyTourville (DKT, (Klein & Tourville, 2012)) protocols. The DKT protocol was introduced in
version 5.3 as an improvement on the DK protocol, offering better parcellation accuracy,
clarity and consistency. BrainSuite parcellations are based on an adaptation of the LONI curve
protocol (Pantazis et al., 2010), whereas the BrainGyrusMapping parcellations are done
according to Neuromorphometrics’ brainCOLOR whole-brain protocol ("BrainCOLOR cortical
parcellation protocol,").

We focused our package analysis on 3 regions per subject hemisphere: the superior frontal
gyrus (SFG) of the frontal lobe, the supramarginal gyrus (SMG) of the parietal lobe, and the
cingulate gyrus (CG) of the cingulate cortex. These gyri were chosen on the basis that they
are situated in different lobes, undergo structural changes with ageing (Thambisetty et al.,
2010) and dementia (Bakkour, Morris, & Dickerson, 2009; Boccardi et al., 2005; Eskildsen et
al., 2013; Jones et al., 2006; Rosen et al., 2002), and exhibit gender differences (Resnick et
al., 2000; Sowell et al., 2007; Thambisetty et al., 2010). As the parcellation protocols differed,
it was necessary at times to combine some parcels to produce comparable regions. Table 5.2
details the parcels we combined in each software package.
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Table 5.2. A summary of the parcels we combined in each software package to yield comparable SFGs,
SMGs and CGs
Software Package

SFG equivalent

SMG equivalent

CG equivalent

FreeSurfer-DK

SFG

SMG

rostral anterior cingulate
+ caudal anterior cingulate +
posterior

cingulate

+

isthmus cingulate
FreeSurfer-DKT

SFG

SMG

rostral anterior cingulate
+ caudal anterior cingulate +
posterior

cingulate

+

isthmus cingulate
BrainSuite

SFG

SMG

CG

BrainGyrusMapping

superior frontal gyrus

SMG

anterior (ACgG) + middle

medial segment

(MCgG) +

(MSFG)

posterior

+

superior

frontal gyrus

cingulate

gyri

(PCgG)

FreeSurfer-DK: FreeSurfer parcellation according to the Desikan-Killiany protocol; FreeSurfer-DKT:
FreeSurfer parcellation according to the Desikan-Killiany-Tourville protocol

5.2.6.4.2 Reference parcels
The 10 subjects’ corresponding ground truth SFG, SMG and CG parcels which we compared
to the package-derived parcels were manually segmented as described in (Mikhael, ValdesHernandez, et al., 2018). This study’s source data and derivatives, including the left and right
gyral parcels, are available in the Edinburgh DataShare repository (Bastin et al., 2017).

5.2.6.4.3 Metrics and statistical analysis
Various metrics are automatically calculated by each of the tools. We chose the 3 most
popular and relevant ones for our ageing population: grey matter thickness (GMth, e.g.,
(Bakkour et al., 2009; Boccardi et al., 2005; Cox et al., 2018; Madan & Kensinger, 2018;
Thambisetty et al., 2010)), grey matter volume (GMvol, e.g., (Cox et al., 2018; Lemaitre et al.,
2012)), and white matter surface area (WMsa, e.g., (Cox et al., 2018; Lemaitre et al., 2012)).
Both FreeSurfer and BrainSuite calculate these 3 metrics whilst BrainGyrusMapping provides
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GMvol only. Several parcels were combined to form a region of interest depending on the
region and package considered (Table 5.2). Metrics for such regions were derived by
combining the original parcels’ metrics. For the case of GMth, this meant averaging individual
parcel metrics, and for the case of GMvol and WMsa, this meant adding individual metrics.

Statistical analyses consisted of (i) descriptive statistics (medians and 95% Bayesian highest
density intervals (HDIs) for each metric, region of interest (ROI), and hemisphere and (ii) a
percentile bootstrap between packages on relative median differences. Here the ground
truth values are subtracted from each measure, and those measures are then compared
across packages. This enables us to compare packages relative to a common reference. The
percentile bootstrap was adjusted for multiple comparisons per metric (i.e. all measurements
for each hemisphere/ROI included in a single procedure to maintain the type 1 error at 5%
(Wilcox, 2012)). The raw data (tsv files) and the Matlab script we wrote to perform the data
analysis are available in the Edinburgh DataShare repository (Mikhael & Pernet, 2018).

5.2.7 Results
Repeatability was observed for all packages, with identical results generated for each of the
3 runs (see tsv files of the Edinburgh DataShare repository (Mikhael & Pernet, 2018)).
Parcellation influences were also evident visually. We highlighted them using screenshots
taken from various angles [see Appendix B]. We identified 6 double CG occurrences in this
dataset: 4 in the left hemisphere (subjects 1, 5, 6 and 8) and 2 in the right hemisphere
(subjects 6 and 10).

5.2.7.1 Cortical thickness
Cortical thickness measurements computed following FreeSurfer’s two parcellation routes
were very similar to each other for each ROI (overlap of 95% HDI), or slightly larger than the
ground truth measured with Masks2Metrics (Figure 5.1, Table 5.3). It also appears from the
density plot that FreeSurfer outputs had lower dispersion than the ground truth. BrainSuitederived thicknesses were the most variable and just under double those of the other 2
methods. All packages however were generally in agreement with the reported post-mortem
values taken at the lateral (3.5mm), medial (2.7mm) and overall (2.5mm) cortical surfaces
(von Economo, 1929).
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Figure 5.1. ROI cortical thickness (GMth) measurements computed by FreeSurfer, Masks2Metrics, and
BrainSuite, and their corresponding non-parametric density estimates. The thick line represents the
median; SFG: superior frontal gyrus; SMG: supramarginal gyrus; CG: cingulate gyrus; M2M:
Masks2Metrics; FS-DK: FreeSurfer parcellation following the Desikan-Killiany protocol; FS-DKT:
FreeSurfer parcellation following the Desikan-Killiany-Tourville protocol; BS: BrainSuite

Table 5.3. The median and HDIs (in mm) for the cortical thickness measurements plotted in Figure 5.1
ROI

Masks2Metrics
Median[HDI]

FreeSurfer: DK atlas
Median[HDI]

FreeSurfer: DKT atlas
Median[HDI]

BrainSuite
Median[HDI]

left

2.46 [2.26 2.63]

2.51 [2.34 2.60]

2.48 [2.34 2.56]

4.65 [3.51 4.99]

right

2.50 [2.12 2.63]

2.49 [2.36 2.52]

2.43 [2.30 2.46]

4.64 [3.80 4.94]

2.20 [1.75 2.45]
2.32 [1.72 2.48]

2.45 [2.35 2.52]
2.44 [2.24 2.50]

2.45 [2.34 2.51]
2.43 [2.23 2.51]

4.30 [3.95 4.72]
4.23 [3.73 4.69]

left

1.89 [1.74 1.98]

2.37 [2.18 2.45]

2.35 [2.29 2.42]

4.33 [3.79 4.70]

right

1.95 [1.82 2.09]

2.40 [2.23 2.52]

2.37 [2.15 2.52]

4.62 [4.09 4.94]

SFG

SMG
left
right
CG
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HDI: Highest density interval; DK: Desikan-Killiany; DKT: Desikan-Killiany-Tourville; ROI: region of
interest; SFG: superior frontal gyrus; SMG: supramarginal gyrus; CG: cingulate gyrus

Relative to the ground truth, BrainSuite showed a significant difference to both FreeSurfer
outputs (DK and DKT) for each of the 3 ROIs in both hemispheres (Table 5.4). FreeSurfer
outputs in the left hemisphere significantly differed from each other at the SFG ([0.01
0.06]mm) only, but not at the SMG ([-0.01 0.02]mm) and CG ([-0.01 0.04]mm). In the right
hemisphere, SMG thicknesses by DK and DKT did not differ from each other ([0.00 0.02]mm),
but SFG ([0.04 0.06]mm) and CG ([0.01 0.03]mm) thicknesses did. In general, the largest
differences and widest confidence intervals were at the left and right SFG as well as the right
CG (Table 5.4).

Intersubject comparisons (Figure 5.2) revealed little difference between DK and DKT (relative
to Masks2Metrics), yet large differences between them and BrainSuite, as well as across
subjects within BrainSuite. This is explained by the fact that cortical thickness in this package
refers to that of the gyrus, all the way down to the fundus, therefore capturing the combined
grey and white matter thicknesses. FreeSurfer and Masks2Metrics, on the other hand,
measure grey matter thickness.
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DKT vs BS

-2.15[-2.44 -1.80]

0.001*

1.85]

Right hemisphere

DK vs BS

-2.13[-2.54 0.05[0.04 0.06]

0.001*

Left hemisphere

-2.09[-2.50 1.66]

0.001*

1.48]

DKT vs BS

1.63]
0.001*

-1.80[-2.17 -1.49]

DK vs BS

0.001*

-1.86[-2.24 0.01[0.00 0.02]

DK vs DKT

0.04[0.01 0.06]

-1.86[-2.25 -

1.57]

0.001*

0.001*

1.93]

-2.15[-2.45 -

-1.81[-2.18 -

-2.20[-2.49 -

0.001*

1.56]

0.001*

0.00[-0.01 0.02]

0.18

0.001*

-1.93[-2.28 -

0.001*

0.76

-1.91[-2.27 -

1.65]

-2.12[-2.44 -1.88]
1.65]

0.001*

0.03[0.01 0.03]

0.01[-0.01 0.04]

0.001*

0.001*

0.18

0.001*

DK vs DKT

Table 5.4. Median GMth and confidence intervals (in mm) differences between the packages reported in Figure 5.1, relative to Masks2Metrics

SFG

p

Mdn[CI]

SMG

p

Mdn[CI]

CG
Mdn[CI]
p

SFG: superior frontal gyrus; SMG: supramarginal gyrus; CG: cingulate gyrus; Mdn: median; CI: confidence interval
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Figure 5.2. ROI thickness (in mm) differences relative to Masks2Metrics per subject.
FreeSurfer produced the most similar thickness measurements when compared to
Masks2Metrics, with slightly better results for the DKT protocol. BrainSuite failed for subjects
4 and 6. M2M: Masks2Metrics; FS-DK: FreeSurfer’s Desikan-Killiany atlas; FS-DKT:
FreeSurfer’s Desikan-Killiany-Tourville atlas; SFG: superior frontal gyrus; SMG: supramarginal
gyrus; CG: cingulate gyrus.

5.2.7.2 Cortical volume
With regards to GMvol measurements, results were comparable across both hemispheres
(Figure 5.3). The smallest dispersion was by FreeSurfer (DK and DKT) and lower than that of
Masks2Metrics. DK-based measurements were the most similar to those of Masks2Metrics
for the SFG volumes (left hemisphere median difference = 1177.64mm3, right hemisphere
median difference = 973.41mm3), while BGM’s were the most similar for the SMG volumes
(left hemisphere median difference = 5247.42mm3, right hemisphere median difference =
5290.5mm3) and CG volumes (left hemisphere median difference = 415.46mm3, right
hemisphere median difference = 589.93mm3). Generally, the packages’ median volumes
were slightly larger than Masks2Metrics’ at both the SFG and SMG, yet slightly smaller at the
CG (Table 5.5).

Relative to the ground truth, the DK and DKT-based volumes differed significantly for the 3
ROIs in both hemispheres (Table 5.6). BS’s SFG volumes differed significantly from all
packages (i.e., BS vs DK, BS vs DKT, and BS vs BGM). This however was not the case for BSderived SMG and CG volumes, except for the CG when compared to BGM (left CG [6245.32
-3756.85]mm3); right CG [-6851.68 -3668.69] mm3). Significant differences exist between all
package pairs at the right SFG, but only between 4 out of the 6 pairs at the left SFG. There
were no significant differences between packages at the right SMG except for between DK
and DKT ([345.40 520.80]mm3). At the left SMG, the significantly different pairs are DK vs
DKT ([698.64 1110.56]mm3) and DK vs BGM ([273.01 2264.50]mm3). All packages differed
significantly in their CG volumes except for DK vs BS and DKT vs BS; DK vs BGM exhibited the
largest difference (left - [-6423.74 -5459.66] mm3, right [-6644.40 -5882.54]mm3). In general,
the largest differences and widest confidence intervals were at the left and right SFG as well
as the right CG (Table 5.6).
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Figure 5.3. ROI cortical volume (GMvol) measurements computed by FreeSurfer,
Masks2Metrics, BrainSuite, and BrainGyrusMapping, and their corresponding nonparametric density estimates. The thick line represents the median; SFG: superior frontal
gyrus; SMG: supramarginal gyrus; CG: cingulate gyrus; FS-DK: FreeSurfer parcellation
following the Desikan-Killiany protocol; FS-DKT: FreeSurfer parcellation following the
Desikan-Killiany-Tourville

protocol;

M2M:

Masks2Metrics;

BS:

BrainSuite;

BGM:

BrainGyrusMapping
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14447.00

[10855.26 18826.12]

15003.04

[1949.66 5159.66]

3278.82

[2060.43 6335.99]

4403.66

[12194.73 24057.71]

20403.20

[9913.77 22069.11]

19503.53

Median[HDI]

Masks2Metrics

[7532.27 9607.27]

8751.04

[7541.80 9727.80]

8553.84

[7603.27 10626.95]

9220.52

[9176.39 11591.67]

11052.96

[15404.28 20261.04]

19429.79

[14686.94 21537.14]

20681.17

Median[HDI]

FreeSurfer: DK atlas

[7665.55 10144.70]

9275.60

[9925.11 12077.79]

10552.95

[7220.08 10266.21]

8800.85

[8209.63 10722.12]

10019.87

[19114.76 25609.17]

24294.94

[16623.77 23099.58]

21527.08

Median[HDI]

FreeSurfer: DKT atlas

[6995.41 11796.67]

10271.72

[7356.97 11361.57]

10221.77

[8121.54 11786.68]

10230.21

[9427.67 12653.29]

11039.56

[20745.32 32308.96]

28678.47

[21414.36 29212.03]

27814.67

Median[HDI]

BrainSuite

[12693.65 16279.25]

15036.93

[12755.20 16225.82]

14587.58

[6861.25 9386.06]

8569.32

[7464.71 10585.03]

9651.08

[18689.64 24212.91]

21905.03

[17852.87 22681.01]

20800.43

Median[HDI]

BrainGyrusMapping

Table 5.5. The median and HDIs (in mm3) for the cortical volume (GMvol) measurements plotted in Figure 5.3

SFG
left

right

SMG
left

right

CG
left

right

[12659.25 16742.01]

HDI: Highest density interval; DK: Desikan-Killiany; DKT: Desikan-Killiany-Tourville; SFG: superior frontal gyrus: SMG: supramarginal gyrus; CG: cingulate gyrus

93

SMG_r
Mdn
CI
p

SMG_l
Mdn
CI
p

SFG_r
Mdn
CI
p

SFG_l
Mdn
CI
p

-2200.11
[-2550.00 -1915.54]
0.001*

419.04
[345.40 520.80]
0.001*

834.74
[698.64 1110.56]
0.001*

-4863.43
[-5423.49 -4214.39]
0.001*

-1255.57
[-1673.79 -861.35]
0.001*

DK vs DKT

-1257.29
[-2281.19 128.11]
0.084

-504.81
[-1788.78 641.65]
0.222

-5.13
[-1528.76 1019.82]
0.948

-9978.70
[-13053.65 -5992.21]
0.001*

-7455.64
[-9813.19 -4232.67]
0.001*

DK vs BS

-6072.94
[-6423.74 -5459.66]
0.001*

602.52
[-77.55 1141.13]
0.08

1332.18
[273.01 2264.50]
0.016*

-3356.71
[-3976.01 -2306.43]
0.001*

-1038.89
[-2185.45 117.12]
0.074

DK vs BGM

1002.98
[-113.80 2519.34]
0.084

-957.20
[-2317.49 135.09]
0.064

-952.46
[-2288.88 45.24]
0.076

-5205.77
[-8251.40 -743.62]
0.018*

-6138.14
[-8657.26 -2474.29]
0.001*

DKT vs BS

-3785.19
[-4245.08 -3252.80]
0.001*

171.20
[-525.82 728.70]
0.546

374.88
[-704.36 1532.69]
0.546

1739.75
[763.89 2702.32]
0.001*

357.69
[-579.31 1108.25]
0.438

DKT vs BGM

-4852.73
[-6245.32 -3756.85]
0.001*

1476.29
[-223.25 2901.30]
0.084

1544.30
[-135.15 3192.02]
0.072

6562.27
[2187.23 9684.41]
0.001*

6497.02
[3235.11 8427.86]
0.001*

BS vs BGM

Table 5.6. Median GMvol and confidence intervals (in mm3) differences between the packages reported in Figure 5.3, relative to Masks2Metrics

CG_l
Mdn
CI
p

CG_r
Mdn
-506.70
-1529.36
-6166.02
-1063.50
-5657.51
-4852.15
CI
[-578.10 -415.37]
[-2542.65 430.84]
[-6644.40 -5882.54]
[-2051.44 992.76]
[-6162.33 -5373.53]
[-6851.68 -3668.69]
p
0.001*
0.126
0.001*
0.254
0.001*
0.001*
DK: Desikan-Killiany; DKT: Desikan-Killiany-Tourville; BS: BrainSuite; BGM: BrainGyrusMapping; SFG_l/SFG_r: left/right superior frontal gyrus; SMG_l/SMG_r:
left/right supramarginal gyrus; CG_l/CG_r: left/right cingulate gyrus; Mdn: median; CI: confidence interval
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The largest relative volumes, in both directions, can clearly be seen in the individual
hemisphere plots of the subjects with the double CG occurrence, at both the CG and the
affected neighbouring SFG (Figure 5.4a, c). This is true for all packages except for BrainSuite
in subject 5’s left hemisphere. This stems from the omission of the upper CG fold (caused by
a double cingulate sulcus), making its SFG larger than those of the other packages [see Figure
1q-t of Appendix B]. Subject 3, with single CG occurrences, also has large relative SFG volumes
in BrainSuite because of differences in its medial, lateral and anterior borders compared to
the remaining packages (indicated by arrows in [see Figures 5 and 9 of Appendix B]). At the
CG, DKT generates smaller relative volumes than DK for all CG scenarios (Figure 5.4c). This is
because DKT accounts better than DK of both scenarios, as shown in Figures 1, 2, 5, and 6 of
[Appendix B]. Furthermore, DKT’s relative SFG volumes are larger than DK’s for all subjects
(Figure 5.4a), even when they are adjoining double CGs. Although the SFG in such cases loses
its medial-most fold to the CG, with the DKT protocol the SFG is larger both anteriorly and
posteriorly (i.e., lengthwise to include the majority of the frontal pole) as well as laterally,
into the middle frontal gyrus, due to its revised border definitions (Klein & Tourville, 2012).
This is evident pictorially in Figures 1, 2, 5, 6, 9, 10, 11, and 12 of [Appendix B]. Note the
parcellation differences in 3 double cingulate examples, subjects 1 (double CG in the left
hemisphere, Figure 1a-d of [Appendix B]), 5 (double CG in the left hemisphere, [see Figure
1q-t of Appendix B]), and 6 (double CG in both hemispheres, [see Figures 2a-d and 6a-d of
Appendix B]), and whose ground truth parcellations we have outlined.

With regards to SMG volumes, a relative decrease is apparent from DK to DKT parcellations
(Figure 5.4b). Differences between the protocols are mainly attributed to the SMG’s revised
caudal border. Initially it was defined as the rostral extent of the superior parietal gyrus,
which inversely was defined as the precentral gyrus (Desikan et al., 2006). This ambiguity was
resolved by changing it to a fixed landmark, the caudal superior temporal sulcus (Klein &
Tourville, 2012) rendering the DKT-derived volumes generally smaller. This is evident visually
in the left hemisphere of subjects 3, 5, 6, 7, and 8, and the right hemisphere of subjects 2, 4,
7, 8 and 9 [see Figures 3, 4, 7 and 8 of Appendix B]. The largest relative SMG volumes were
generally produced by BrainSuite, except for in the left hemisphere of subject 7 and the right
hemispheres of subjects 2 and 5 (Figure 5.4b). Its protocol vaguely defines the SMG, with
only mention of it containing Brodmann area 40 and bordering the superior temporal gyrus
(Mikhael, Hoogendoorn, et al., 2018; Pantazis et al., 2010), hence the discrepancies within
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this package and across packages. Relative BrainGyrusMapping-derived SMG volumes were
generally similar to those of DKT, as expected, since the 2 protocols had similar definitions
for this gyrus. The ground truth SMG is significantly smaller than those of the automated
tools as we chose to work with consistently identifiable borders when outlining the gyrus.
This explains the large differences seen in Table 5.5 at the SMG. With subject 6, for example,
the superior end of the left ground truth SMG (outlined in yellow, [see Figure 4a-d of
Appendix B]), aligns entirely with those of the packages, whereas the right ground truth SMG
(outlined in yellow, [see Figure 8a-d of Appendix B]) only does so with BrainGyrusMapping
(d). Its superior end incorporates FreeSurfer’s posterior SMG fold and its anterior angular
gyrus fold (a, b).
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Figure 5.4. GMvol (in mm3) differences relative to Masks2Metrics for each subject. Double CG
occurrences were observed for subjects 1, 5, 6, and 8 in the left hemisphere, and subjects 6
and 10 in the right hemisphere. BrainSuite failed for subjects 4 and 6. FS-DK: FreeSurfer’s
Desikan-Killiany atlas;

FS-DKT:

FreeSurfer’s Desikan-Killiany-Tourville atlas;

BGM:

BrainGyrusMapping; SFG: superior frontal gyrus; SMG: supramarginal gyrus; CG: cingulate
gyrus.

5.2.7.3 Surface area
Similar results can be seen for both hemispheres with regards to WMsa measurements for
the 3 regions of interest. The packages’ SFG and SMG surface area metrics were generally
larger than the ground truth, whereas their CG metrics were generally smaller. DK-based
WMsa measurements were the most similar to Masks2Metric’s at the SFG, while BrainSuite’s
were the most similar at the SMG, and DKT’s the most similar at the CG (Figure 5.5, Table
5.7).
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Figure 5.5. ROI WM surface area (WMsa) measurements computed by FreeSurfer,
Masks2Metrics, and BrainSuite, and their corresponding non-parametric density estimates.
The thick line represents the median; SFG: superior frontal gyrus; SMG: supramarginal gyrus;
CG: cingulate gyrus; FS-DK: FreeSurfer parcellation following the Desikan-Killiany protocol;
FS-DKT: FreeSurfer parcellation following the Desikan-Killiany-Tourville protocol; M2M:
Masks2Metrics; BS: BrainSuite
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Table 5.7. Median and HDIs (in mm2) for the surface area (WMsa) measurements plotted in
Figure 5.5
FreeSurfer: DK

FreeSurfer: DKT

atlas

atlas

Median [HDI]

Median [HDI]

Median [HDI]

Median [HDI]

5418.63

6932.32

7251.39

7184.29

[2524.48 6077.87]

[5241.28 7162.24]

[5914.92 7728.96]

[5600.43 8178.45]

4821.43

6666.56

8553.63

7234.76

[2678.17 5897.71]

[5371.96 6969.92]

[6779.62 9010.75]

[5492.58 8031.08]

1238.45

3945.28

3610.66

2884.20

[472.23 1741.25]

[3211.17 4204.30]

[2979.00 3898.30]

[1980.26 3320.66]

951.54

3390.12

3244.95

2806.16

[606.11 1403.36]

[2914.76 3794.86]

[2788.07 3609.39]

[2283.53 3103.18]

5593.20

3342.94

4169.58

3354.73

[3681.95 6780.48]

[2928.28 3721.53]

[3917.89 4699.32]

[2778.52 3907.92]

5411.63

3261.92

3499.70

3156.88

[4339.36 6527.50]

[2445.71 3667.55]

[2602.55 3924.99]

[2448.17 3521.72]

Masks2Metrics

BrainSuite

SFG
left

right

SMG
left

right

CG
left

right

HDI: highest density interval; DK: Desikan-Killiany; DKT: Desikan-Killiany-Tourville; SFG:
superior frontal gyrus; SMG: supramarginal gyrus; CG: cingulate gyrus

Relative to the ground truth, all SMG measurements were significantly different to one
another in both hemispheres (Table 5.8). Significant differences existed between DKT and
the remaining methods for the 3 ROIs and both hemispheres, except for at the left SFG when
compared to BrainSuite ([-304.49 679.00]mm2). In both hemispheres, the greatest surface
area differences were between DK and DKT in the SFG (left: [-667.46 -293.24]mm2; right: [2023.98 -1702.11]mm2), between DK and BS at the SMG (left: [649.75 1554.81]mm2; right:
[555.91 1007.28] mm2), and between DKT and BS at the CG (left: [796.88 1223.38]mm2;
right: [183.26 830.57]mm2, Table 5.8).
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[-1009.71 -819.93]

-899.53

0.001*

[253.18 383.49]

300.02

0.001*

[-667.46 -293.24]

-435.36

DK vs DKT

0.84

[-165.47 365.27]

45.99

0.001*

[649.75 1554.81]

1164.67

0.236

[-789.72 219.10]

-352.74

DK vs BS

0.001*

[796.88 1223.38]

990.09

0.004*

[381.13 1236.37]

810.26

0.298

[-304.49 679.00]

235.96

DKT vs BS

0.001*

[-285.87 -192.15]

-247.98

0.001*

[125.05 193.34]

146.45

0.001*

[-2023.98 -1702.11]

-1878.16

DK vs DKT

0.116

[-48.94 616.47]

230.25

0.001*

[555.91 1007.28]

781.26

0.06

[-116.37 24.94]

-665.24

DK vs BS

0.001*

[183.26 830.57]

490.93

0.001*

[401.72 817.49]

612.97

0.001*

[848.96 1796.02]

1172.29

DKT vs BS

Right hemisphere

0.001*

Left hemisphere

Table 5.8. Median WMsa differences (in mm2) between packages relative to the ground truth

SFG

p

Mdn [CI]

SMG

p

Mdn [CI]

CG
Mdn [CI]

p

DK: Desikan-Killiany; DKT: Desikan-Killiany-Tourville; BS: BrainSuite; SFG: superior frontal gyrus; SMG: supramarginal gyrus; CG: cingulate gyrus; Mdn:
median; CI: confidence interval
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As with the relative cortical volumes, the largest relative surface areas were generally in the
subjects with the double CG occurrence at both the CG and the affected SFG (Figure 5.6a, c).
This is because larger gyral volumes are expected to have larger surface areas. Once again,
DKT generated smaller relative volumes than DK for all CG scenarios as it accounted better
than DK of both [see Figure 1, 2, 5, and 6 of Appendix B]. The smallest relative CG surface
areas were DKT-based as they were best at accounting for variability (Figure 5.6c)

Unlike the remaining subjects (Figure 5.6b), subject 5’s left SMG surface area with BrainSuite
is relatively larger than its equivalent in the remaining protocols. This is also evident
pictorially [see Figure 3q-t of Appendix B]) which demonstrates a wider BrainSuite SMG,
terminating caudally, like DK, at the second segment of the caudal superior temporal sulcus
rather than at the first segment as with DKT and BrainGyrusMapping. BrainSuite has one
additional region to DK (marked by ‘+’, [see Figure 3s of Appendix B]) as the gyrus extends to
the sulcal fundus, or deepest point, of the diagonal sulcus extending from the Sylvian fissure
(Ono, Kubik, & Abernathey, 1990). As with volumes, the largest SMG surface areas are
measured in subjects 5, 9, and 10.
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Figure 5.6. WMsa (in mm2) differences relative to Masks2Metrics per subject. FreeSurfer’s
DKT-based measurements were most similar to Mask2Metrics’ for the CG, yet its DK-based
measurements were generally most similar for the SFG. BrainSuite was most similar to
Masks2Metrics for SMG WMsa measurements, but failed for subjects 4 and 6. FS-DK:
FreeSurfer’s Desikan-Killiany atlas; FS-DKT: FreeSurfer’s Desikan-Killiany-Tourville atlas; SFG:
superior frontal gyrus; SMG: supramarginal gyrus; CG: cingulate gyrus

5.2.8 Discussion
The parcellation protocol we followed while segmenting the ground truth parcels enabled us
to consistently identify and address any visible anatomical variability (Mikhael, Mair, &
Pernet, 2018). Because of this, the parcels’ shapes varied greatly across the cohort, creating
large dispersions in the ground truth volumes (Figure 5.3) and surface areas (Figure 5.5). The
dispersions were larger than those of FreeSurfer, BrainSuite, and BrainGyrusMapping
(Figures 5.1, 5.3 and 5.5), particularly in the subjects whose anatomical landmarks deviated
from those of the ‘standard’ subject.

The main contributor to variability in the CG and SFG is the cingulate sulcus (Ono et al., 1990)
which can have a single or double occurrence (and therefore a double CG occurrence),
branches, as well as discontinuities, all of which are interpreted differently by each package.
Given that it defines the dividing landmark between the CG and SFG, both gyri are highly
variable, as are their volumes and surface areas. The SMG is also highly variable across the
cohort, mainly due to its posterior border, as is its segmentation across the packages.

With volume being (in theory) a product of thickness and surface area, and the thicknesses
being generally stable for each package, larger surface areas are expected to accompany
larger volumes, and vice versa. This is what we saw with our ground truth data (Figures 5.7
and 5.8); however, because the packages did not necessarily detect the variability (e.g.,
double CG occurrence), or did not detect it fully, we observed greater differences in their
volumes and surface areas relative to Masks2Metrics (Figures 5.4 and 5.6).
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Figure 5.7. Scatter plots for each of the 10 subjects’ CG versus SFG grey matter volumes and
their corresponding first order polynomial fits. GMvol: grey matter volume, FS-DK: FreeSurfer’s
Desikan-Killiany atlas; FS-DKT: FreeSurfer’s Desikan-Killiany-Tourville atlas; SFG: superior
frontal gyrus; CG: cingulate gyrus

Scatter plots comparing the adjacent SFG and CG in each of the hemispheres and a first order
polynomial fit to the data show that their package-derived (i.e., by FreeSurfer, BrainSuite,
and BrainGyrusMapping) grey matter volumes are proportional to one another (i.e., package
SFG GMvol is proportional to CG GMvol), whereas the manually segmented ground truth
volumes are inversely proportional (i.e., ground truth SFG GMvol is proportional to the
adjacent CG GMvol, Figure 5.7). This is also the case for white matter surface areas, except for
those of the ground truth in the right hemisphere, where CG WMsa is almost constant while
SFG WMsa changes (Figure 5.8).
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Figure 5.8. Scatter plots for each of the 10 subjects’ CG versus SFG white matter surface areas
and their corresponding first order polynomial fits. WMsa: white matter surface area, FS-DK:
FreeSurfer’s Desikan-Killiany atlas; FS-DKT: FreeSurfer’s Desikan-Killiany-Tourville atlas; SFG:
superior frontal gyrus; CG: cingulate gyrus

Even within the same package, relative DK vs DKT metrics were significantly different (Tables
5.6, 5.8), despite the latter being a manual correction of the first.

Our work has therefore identified significant heterogeneity between existing packages which
we clearly demonstrate using a healthy sample dataset and ground truth data.

The size of our dataset is small, and a limitation of our study. However, it is variable enough
to highlight issues in automated packages and the significance of knowing what and how the
packages of interest behave, particularly when comparing them to one another, or when
searching for a suitable one.
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The study possesses several strengths as well. First, the cohort was versatile enough to
highlight some of the inter- and intra-package differences associated with cortical variability.
Second, the analysis is based on ground truth data, both parcels and metrics, which we used
as reference. Third, the ground truth parcels are derived from a consistent parcellation
protocol, based on 2 popular anatomical atlases (Mikhael, Valdes-Hernandez, et al., 2018).
Fourth, we conducted individual hemisphere analysis to avoid averaging effects.

There is a potential for two factors to have contributed to the differences between our
metrics

and

those

of

the

automated

packages

(FreeSurfer,

BrainSuite,

and

BrainGyrusMapping), however we don’t expect them to have significantly influenced them.
First, the tools only take T1-weighted images as input, whereas we used a combination of T1and T2-weighted images (Mikhael, Valdes-Hernandez, et al., 2018) to improve the image
contrast for manual segmentation and to aid in the detection of the gyri’s bordering
landmarks. Second, the metrics calculation process is a separate phase that follows
parcellation and also differs for each package. Aside from BrainSuite, they all measure the
grey matter thicknesses, volumes and surface areas; BrainSuite on the other hand includes
both the gyral grey and white matter in its cortical thickness calculations (Pantazis et al.,
2010) leading to significantly larger measurements when compared to other tools (Figure
5.2).

Although our work highlights differences between parcellation protocols, it is most likely that
the corresponding outputs of image analysis tools in fact vary due to a combination of factors,
and not just the parcellation phase. One step prior to parcellation in automated and semiautomated tools is the pre-processing phase. In FreeSurfer, for example, amongst other
things, that phase is used to derive white and grey matter masks (Fischl & Dale, 2000). These
are consequently split in the processing stage, as per a parcellation protocol, to form parcels.
Such mask effects were not investigated in this manuscript although could be equally
contributing. Package inconsistency across sites (e.g., (Iscan et al., 2015)) and operating
systems (e.g., (Gronenschild et al., 2012)) is another aspect to consider, although was not a
contributing factor to our study as each package was run on only one computer and one
operating system.
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5.2.9 Conclusions
We previously investigated package differences in terms of their parcellation protocol
definitions, raising awareness of the associated uncertainties stemming from the wellreported anatomical variability that they are likely to encounter (Mikhael, Hoogendoorn, et
al., 2018). In our present work, we quantify the effects of these uncertainties through a
healthy middle-aged dataset and manually-derived ground truth data with associated
morphometrics. We show that protocol differences clearly carry on to influence consequent
analysis such as the morphological measures of parcels. Given the significance of these
measures in identifying biomarkers, classifying patient, and understanding patient
populations, we continue here to raise awareness of the protocol implications, and more
generally, automated atlas-based analysis.

The largest thickness discrepancies were seen between BrainSuite and the remaining tools
(Table 5.4). Variability was best addressed by FreeSurfer’s DK protocol at the SFG, its DKT
protocol at the CG and by BGM with regards to SMG and CG volumes.

Packages interpret variability to varying extents, and inconsistently perhaps, hence the interpackage differences. It is therefore crucial to be aware of, or satisfied with, parcel borders as
defined by the package protocol as well as package limitations, prior to running a package.
Once the parcels are derived, visual inspection of their borders can follow, as well as manual
edits where necessary. Only once satisfied with these borders should the morphometry
pipeline be run; inter-package differences are to be expected.
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5.2.12 Endnotes
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109

5.3 Conclusion

We have identified significant inter- and intra-package differences with regards to
parcellation and morphological measures. This re-emphasizes the importance of thoroughly
investigating packages of interest prior to processing with them given the severe implications
they will have.
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6. Discussion and Conclusion
This work has explored a range of MR image analysis tools, with focus on their cortical
parcellation aspect as well as parcel metrics and found inconsistencies within packages as
well as differences between them. We now conclude with two main messages: (1) know your
tools and (2) remember the implications and significance of your metrics.

6.1 Know your tools
Although most image analysis packages are generally summarized on websites and are
accompanied by some step-by-step instructions, a lot of the information on how these steps
are done, are either widely dispersed or simply lacking. During the course of this work,
building an extensive knowledge of the packages consisted of gathering information from
package websites and documentation, help forums, developer publications, but also
websites and publications by package end-users, and finally, personal communications with
the developers. Unfortunately, many questions remain unanswered forcing us to treat the
tools as ‘black boxes’ and make assumptions despite the crucial implications they have. It is
also what led us to develop our own parcellation protocol and metrics tool while making
decisions that we deemed most logical and suitable in our situation.

6.1.1 Parcellation-related findings
We highlighted numerous concerning inconsistencies within the parcellation protocols we
investigated for Chapter 2, which we then demonstrated both quantitatively and
qualitatively in Chapters 4 and 5. The lack of clarity with regards to the landmarks that make
up parcel borders, as well as the limited attention to the well-proven concept of cortical
variability, and thus landmark variability, generated inconsistent and inaccurate parcels
within each package, as well as across packages, making them incomparable.

Another large difference relates to how tissue is used to create borders for parcels. We found
for instance that the largest discrepancies between BrainSuite and the remaining packages
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is due to the fact that BrainSuite’s parcels included both grey and white matter, leading to
overestimations in metrics.

We have created and shared a novel dataset of 60 gyri that we expect to be of benefit to the
community. The dataset is based on manual segmentation, multiple modalities, and a newlyproposed parcellation scheme that takes cortical variability into account. Parcellation
inconsistencies within and across packages were equally observed in this dataset at the
superior frontal gyrus (SFG), supramarginal gyrus (SMG) and cingulate gyrus (CG). Despite
this dataset being a small one, it took approximately 6 months to segment in order to achieve
the desired accuracy and consistency. We believe that it could be of value to package
developers, particularly when developing and validating parcellation protocols.

6.1.2 Metrics-related findings
6.1.2.1 Thickness, volume, and surface area
Parcellation differences aside, we expected the manner with which metrics are calculated to
be an intuitive and uniform one across all packages. In reality, it is much more difficult
computationally, which we discovered when the need arose for a metrics tool to assess our
ground truth masks since the existing ones were not compatible.

Masks2Metrics is available to the public, with the hope that it can be of value to the
neuroimaging community and beyond, to evaluate the morphometry of a given volume
defined by paired masks, regardless of how these masks have been derived. Examples of its
application include the investigation of a cohort with segmented regions of interest, or the
validation of an image analysis tool.

This work also supports the importance of observing all 3 metrics, with variability of volume
and white matter surface area being higher than that of thickness, as previously reported by
Winkler et al. (Winkler et al., 2010). This suggests the need to give equal attention to the 3
metrics, particularly as cortical thickness and surface area unrelated genetically, yet highly
heritable (Panizzon et al., 2009; Winkler et al., 2010) implying that studying one metric on its
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own would miss significant differences in a cohort that the others 2 may capture. Volume is
therefore seen by some as the redundant metric out of the 3, given that it’s an areal measure
and

a

result

of

thickness

and

surface

area

((Winkler

et

al.,

2010),

https://mail.nmr.mgh.harvard.edu/pipermail//freesurfer/2014-October/040792.html).

6.1.2.2 Metrics complimentarity
One aspect which has rarely been explored is the comparison of the package-derived grey
matter volumes (GMvol-pkg) approach to the more intuitive approach, where it is defined as
the product of thickness and surface area (GMvol-comp = GMth x WMsa). Such a computed
volume is clearly proportional to the two computed metrics. Maingault et al., (Maingault,
Tzourio-Mazoyer, Mazoyer, & Crivello, 2016) have recently employed it, along with thickness
and surface area, to identify correlations between the metrics as well as hemispheric
asymmetries. The authors however only compute and investigate this computed volume,
without reporting the package-derived ones.

We can assume that the thickness is constant along the entire length and width of the gyrus
as it the average of all thicknesses, and one would expect it to be very similar across the
subjects of this healthy cohort. On the other hand, the inner GM surface area (WMsa) is
smaller than the outer one (GMsa) since sulcal pits are narrower than gyral crowns. Therefore,
when we multiply GMth by WMsa, we are using the smallest surface area of that gyrus to
compute the volume. We therefore expect to produce GMvol-comp’s that are smaller than the
package-derived volumes (GMvol-pkg). This of course would only apply to FreeSurfer and
Masks2Metrics. BrainSuite-derived thicknesses do not correspond to the GM layer, but to
the entire gyrus (GM + WM layers, i.e., more representative of gyral depth); therefore
multiplying thickness by surface area would yield the volume of both the GM and WM
aspects of a gyrus. This is exactly what we observed and summarized in Table 6.1. The median
computed volumes for BrainSuite in both hemispheres and in all subjects were larger than
the package-derived volumes by 10.1% to almost 50% (48.1%), whereas the opposite was
true for FreeSurfer and our ground truth (Masks2Metrics) approaches, with median
computed volumes being smaller by up to 16% in FreeSurfer and up to 41.7% in
Masks2Metrics.
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These computed measurements remind us of just how complicated and inconsistent
thickness and surface area are across the length of a gyrus (i.e., a gyrus is not just the WM
surface stretched by a certain thickness) and how different the GM and WM layers of the
same region (gyrus) can be, particularly as they are known to atrophy at different rates in
both healthy (Ge et al., 2002) and unhealthy populations (Chao et al., 2007). We would
therefore recommend the use of package-derived volumes over computed volumes as the
latter are a big over-simplification.

6.2 Package impact and implications

Our investigations in this thesis have shown how different the parcels and their
corresponding metrics can be, depending on the package of choice (Chapters 2, 4, 5). We
emphasize the importance of parcel and metric accuracy, consistency, and flexibility so as to
account for anatomical variability. A potential miss of the double CG at the parcellation stage
will not only influence CG measures, but SFG measures as well. Predictive models that are
then built/trained using these inaccurate metrics and regressions, and based on falsely
classified cohorts, can only lead to false outcomes- false negatives and false positives.
Given the significant value of these packages based on how their outputs are used, it is crucial
for such critical issues to be thoroughly discussed within the image analysis community, and
for them to be addressed and well-documented. Such considerations would (1) eliminate the
‘black box’ impression, thereby strengthening one’s confidence in a package, and (2) ensure
an accurate interpretation of the findings, and (3) ultimately push for the translation of such
powerful tools from a research setting into a clinical one, where they can offer highly valuable
insight and implications.
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8519.5 /

7942.4
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FreeSurfer-DKT

computed
36.8

14237.0 /

7775.1

9.6

FreeSurfer-DK

% diff

14649.0 /

10533.5

8.7

Masks2Metrics

Mdn Pkg /
10379.1

26.0

SFG

computed

29.2

CG

SMG

% diff

Table 6.1 Median package-derived grey matter volumes (GMvol , in mm3) compared to their corresponding computed volumes, as well as the
percentage difference between the two. Mdn: median; Pkg: package; diff: difference.
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Appendix A: for Chapter 4
A Manual Segmentation Protocol for Cortical Gyri
This protocol is now available on Edinburgh DataShare as:
Mikhael, Shadia; Mair, Grant; Pernet, Cyril. (2018). A Manual Segmentation Protocol for
Cortical Gyri, 2017-2018 [text]. University of Edinburgh. Centre for Clinical Brain Sciences and
Edinburgh Imaging. http://dx.doi.org/10.7488/ds/2406.

Introduction
This protocol provides a guideline for outlining the superior frontal gyrus (SFG), the
supramarginal gyrus (SMG) and the cingulate gyrus (CG). While protocols do exist for these
particular gyri, they tend to lack the ability to precisely identify the gyral borders1.
The guideline is based on a thorough revision of 2 atlases: (1) the Duvernoy atlas2, a magnetic
resonance imaging (MRI) and 3-dimensional sectional anatomical atlas with annotations in
the axial, sagittal, and coronal views, and (2) the Ono atlas3, a single subject anatomical atlas
that identifies sulcal patterns and variability. Although highly revered by the brain research
community, when used independently, these atlases are incomplete: the first points to gyri
but overlooks their demarcation and any mention of anatomical variability; the second
focuses on sulcal patterns and variability with limited mention of gyri. By combining the 2
atlases’ strengths, however, we have now formed a comprehensive and reliable protocol. It
accurately and consistently locates and outlines regions of interest (ROIs), while
incorporating the encountered anatomical variations.
While the borders of the 3-dimensional ROIs defined below may not always be anatomically
accurate, the protocol clearly and systematically highlights the cut-off slices, or ROI edges.
This facilitates and ensures consistency, accuracy, repeatability and reproducibility of manual
drawings which serve as the critical ground truth.
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For additional support with the segmentation, we have released a dataset4 of 60 ROIs (SFGs,
CGs, and SMGs) derived following this protocol. The ROIs were drawn in both the right and
left hemispheres of 10 healthy middle-aged subjects.

Methods

Preparatory Steps
1. For accurate gyral segmentation, it is recommended that all drawings are made on the
difference volume ‘T1w_bfc-T2w’ derived as follows:
1st: the T1 weighted (T1w) MRI volume is bias field corrected (producing output volume
T1w_bfc)
2nd: the T2 weighted (T2w) MRI volume is subtracted from the T1w MRI volume, yielding the
difference volume ‘T1w_bfc - T2w’
The difference volume ‘T1w_bfc – T2w’ has better grey matter-white matter (GM-WM)
contrast than T1w or T2w MRI volumes on their own, making it easier to use for manual gyral
segmentation. This volume is used in all figures and instructions from here on.
2. Download and install the latest version of the drawing tool ‘MRIcron’ along with its user
guide from https://www.nitrc.org/projects/mricron. Alternative drawing tools can be used,
however this is the one we chose to demonstrate our manual segmentation protocol.
3. Generally speaking, each region of interest (ROI) can be represented by 2 open paired
curves, or masks, representing the outer grey matter (GM) and inner white matter (WM)
curves (Figure 1). However, due to the folding nature of the cortical surface and the need to
accurately represent them and consecutively measure their metrics (e.g., volume, thickness,
and surface area), it is essential to break down the curves into as many segments as
necessary. For example, consider using separate segments for:
-

discontinuities in an ROI, creating one segment per discontinuity. Sample
discontinuities can be seen in Figure 1a in cyan, yellow and navy.

-

every rise and drop in a gyral fold, particularly when these 2 parts are very close to
one another and the voxels of the opposing sides are almost touching (Figure 1a-c).
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Figure 1. Examples of segmentation of a single ROI (here SFG) using numerous segments to
address discontinuities (a,c) and sharp changes in curvature (a-c). Each of the outer GM
curves, or masks, has a corresponding inner WM mask. The paired masks in this figure are
represented by the same colour.

Notes to the User
1. Every GM mask should have a corresponding WM mask, so the number of GM and WM
masks is the same. Use nomenclature of the form ‘subj#_roi_r/l_gmsegment#.nii’ and
‘subj#_roi_r/l_wmsegment#.nii’ for each GM and WM segment, respectively. For example,
the first segment of subject 1’s left SFG can be drawn using the paired masks
‘1_sfg_l_gm1.nii’ and ‘1_sfg_l_wm1.nii’; their second segment can be drawn using
‘1_sfg_l_gm2.nii’ and ‘1_sfg_l_wm2.nii’, and so on.
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2. Corresponding GM and WM masks should start and end at the same place, on the
respective GM and WM layers, as illustrated in Figure 1.
3. The protocol starts by identifying all bordering aspects (whether anterior, posterior,
medial, lateral, superior, inferior, rostral or caudal) of a gyrus, usually sulci, which
consequently enables the user to segment the gyrus contained within them. The sulci can be
deleted at the end.
4. Start by drawing the GM segments for the entire ROI. Then go back and draw all
corresponding WM segments in such a way that their endpoints that would be the
intersection of the GM-WM layer with the imaginary normals drawn from the GM endpoints.
5. To avoid unnecessary repetition, from here-on we shall reference pages in the Ono atlas3
with braces ({ }), and in the Duvernoy atlas2 with brackets ([ ]).
6. In the event that a bordering sulcus includes side branches ({28-32}), do not include the
latter, and limit your segmentation to the main branch, unless otherwise stated.
7. In the event of sulcal interruptions ({17-19}), ensure that all main sulcal segments are
drawn. Note the possibility of connections to other sulci ({20-27}) and avoid segmenting the
latter.
8. Use as many, yet an equal number of, GM and WM segments or masks as necessary to
accommodate for sulcal interruptions, gyral folding, etc.
9.

Following

segmentation,

morphometric

tools

such

as

Masks2Metrics5 (at

https://github.com/Edinburgh-Imaging/Masks2Metrics) can be run to derive ROI metrics
including gyral volume, gyral thickness, and white matter (WM) surface area.
10. We have made public a sample dataset of ROIs drawn following this protocol4 which can
be accessed for detailed examples. All figures in this protocol are taken from this dataset.
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Drawing Instructions for Regions of Interest

Superior Frontal Gyrus (SFG)

Figure 2. Anterior (A), posterior (P), medial (M) and lateral (L) borders of the superior frontal
gyrus (SFG).

The Superior frontal gyrus (SFG, Figure 2) is situated in the superior-most portion of the
frontal lobe, and runs in the anteroposterior direction, spreading across both medial and
lateral surfaces. The gyrus is to be drawn continuously along the axial direction as follows:
1. Starting at the superior-most axial slices (Figure 3), and traversing the volume in the
inferior direction, first identify and demarcate the anterior and lateral borders of the SFG,
the superior frontal sulcus (SFS), while roughly guided by sample axial sections indicating the
location of this sulcus on pages ([382 (superior-most slice)-428 (inferior-most slice)]). Start at
the SFS’s superior-most slice and work your way backwards to its inferior-most slice. Refer
to ({49-53}) for SFS patterns and variations.
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Figure 3. Identify the SFG in the superiormost axial slices as the anterior-most gyrus,
bound by the SFS laterally.

2. The SFG’s posterior border on the medial surface is unclear and differs from protocol to
protocol. To ensure consistency, we propose a fixed and easily identifiable landmark seen in
the superior-most axial slices: the first notch or indentation on the medial surface that is
anterior to the (superior-most portion of the) central sulcus. Several examples are shown in
Figure 4. Identify and mark this indentation as it will serve as the posterior border on the
SFG’s medial surface. All the anatomy anterior to it and medial to the SFS belongs to the SFG,
with the exception of the cingulate gyrus which may or may not appear in the inferior-most
slices. Segment this portion of the SFG in axial view.
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Figure 4. Segment the SFG in the axial view, while travelling in the inferior direction, and
continuing to end it laterally at the superior frontal sulcus, and medially at the notch on the
medial surface (red arrow), immediately anterior to the central sulcus. Figure a is more
superior than b. PrcG: precentral gyrus, PcG: postcentral gyrus.

3. Once the indentation identified in step 2 is no longer visible in the axial view when
traversing the volume from the superior to inferior direction), the cingulate sulcus (CS, {112118}) becomes the posterior border of the SFG. Identify and mark this border in the sagittal
view, starting from the mid-sagittal and traversing laterally. Ensure that the cingulate gyrus
is omitted from the segmentation (Figure 5a). The CS also serves as the SFG’s medial border.
In the event of a double cingulate sulcus, the superior one is the border; the volume inferior
to that belongs to the cingulate gyrus. Now resume posterior SFG segmentation in the axial
view using this marked border.
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Figure 5. The SFG in (a) axial and (b) mid-sagittal views, bound by 2 notches (marked in red
anteriorly and orange posteriorly), and excluding the cingulate gyrus.

4. Return to the sagittal view at the brain midline and mark the notch on the cortical surface
situated immediately above the superior frontopolar gyrus and superior rostral sulcus, best
seen in Figures 5b and 6. This landmark defines the SFG’s rostral border at the midline.
Proceed with rostral SFG segmentation (with the CS as the posterior border) in axial view, in
all slices in which this indentation appears. It is easiest done by starting at the superior-most
slice of this notch and ending at its inferior-most slice.

Figure 6. The SFG’s outline in mid-sagittal view for 2 subjects. Anteriorly, it is bound by the
notch on the cortical surface superior to the superior rostral sulcus (a,b). Inferiorly, it is bound
by the cingulate sulcus, and in the event of the double cingulate sulcus (as in a), the superior
one is used.
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5. Now that all SFG borders and extremities have been marked, finalize ROI segmentation
(GM and WM) in the axial view, from superior-most to inferior-most slice, by connecting all
aspects not yet connected but within the pre-marked borders.

Cingulate Gyrus (CG)

Figure 7. The CG is situated on the medial surface, inferior to the medial portion of the SFG,
and includes the rostral anterior (RA), caudal anterior (CA), posterior (P), and isthmus (I)
divisions of the cingulate cortex. It is bound by the cingulate sulcus (CS), subparietal sulcus
(SBPS), corpus callosum (CC) and the superior frontal gyrus (SFG). SL: superolateral, R: rostral,
C: caudal, M: medial.

The CG is situated on the medial surface of each hemisphere, inferior to the medial portion
of the SFG. It is composed of the rostral anterior (RA), caudal anterior (CA), posterior (P), and
isthmus (I) divisions of the cingulate cortex. Some parcellation protocols exclude the isthmus
from the CG. It is difficult, however, to identify a landmark that clearly and consistently
divides between the posterior and isthmus divisions. The isthmus, on the other hand, has a
clear posterior border. For that reason, we include it as part of the CG in our protocol.
Figure 7 highlights all CG boundaries. The rostral boundary is the rostral extent of the CS
(inferior to the superior frontal sulcus). The caudal boundary of the CG is the subparietal
sulcus (SBPS, {122-123}) medially and the CS ({112-118}) laterally. The inferior boundary is
the corpus callosum (CC) while the superolateral boundary is the SFG and CS.
Identify and draw the CG in sagittal view (roughly [310-323]) as follows:
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1. Locate the CS and CG at the brain mid-sagittal line, or a few slices laterally from there
using ([318-232]). The CG will be situated immediately superior to the corpus callosum
and inferior to the SFG. Note the CS patterns and variations highlighted in ({112-118}).
The CS may be a double sulcus, as in Figure 8, in which case the superior of the 2 curves
marks the CG’s superior border. Draw the CG’s superior border in sagittal view, from the
medial to the lateral direction until lateral boundaries (SFG and/or paracentral lobule)
are reached. As mentioned in the ‘notes to the user’ section, limit the CS to the main
segment, excluding any branching or connections.

Figure 8. The CG as seen at the mid-sagittal line, bound by the CS, SFG, corpus callosum and
SBPS. This hemisphere has a double CS, in which case the CG is defined by the more superior
one.

2. Starting at the mid-sagittal line and going laterally, identify the SBPS. Mark only the
medial-most of its branches in each slice ({122-123}) which will serve as the CG’s caudal
boundary medially (Figure 9). Continue segmenting in the lateral direction until the SBPS
ends. As previously indicated, this sulcus isn’t traditionally the boundary of choice in the
popular protocols. It is however an easily identifiable landmark that will ensure
consistent and repeatable CG segmentation.
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Figure 9. The caudal border of the CG at the hemisphere’s medial end is the medial portion of
the SBPS. Superiorly it is bound by the CS and SFG, and medially by the corpus callosum.

3. Once the SBPS has ended, continue to traverse the sagittal slices in the lateral direction,
this time marking the posterior end of the CS as the CG’s caudal boundary (Figure 10).
Again, as in the first step, limit the CS to the main segment, and use the superior-most
curve in the event of a double sulcus. The CG ends laterally with the end of the CS’s main
segment.
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Figure 10. In the lateral slices where the SBPS does not exist, the CS becomes the CG’s caudal
boundary.

4. Identify the CC’s superior surface, in all slices marked in the previous 3 steps. This surface
sits immediately inferior to the CG making it its inferior border (Figures 8-9). Note that
while traversing the volume laterally, the GM on the CG’s inferior surface thins at one
point and disappears leaving only WM (e.g., Figure 10). In such slices no inferior surface
is to be drawn.
5. Now that all borders are marked, draw the CG continuously as the volume situated within
them. This should be done in sagittal view, from medial-most to lateral-most slice.

Supramarginal Gyrus (SMG)
The SMG is situated in the parietal lobe and its boundaries are detailed in Figure 11. It is
bound anteriorly by the inferior postcentral sulcus (IPS), also referred to as the ascending
segment of the intraparietal sulcus ([6-7]). Posteriorly, it is initially (in the most lateral slices)
bound by the lateral fissure’s posterior end (pLF), and later by the ascending posterior
segment of the superior temporal sulcus (apsSTS). The boundary becomes the sulcus
intermedius primus (of Jensen), or SIP, more medially when the apsSTS ends. This gyrus is
best identified and drawn in the sagittal view, where no cortical anatomy is superior to it.
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The SMG’s inferior cut-off, or boundary, is unclear in popular protocols (Mikhael et al., 2017).
To allow for consistent and repeatable segmentation, we have set it to (the imaginary
horizontal line drawn in sagittal view at) the superior end of the lateral fissure’s middle
segment (mLF). In many sagittal slices the SMG’s GM will not extend inferiorly to that point,
however in the slices where it does, use this imaginary line as the cut-off. A rough guide to
the SMG’s location in Duvernoy reference atlas is on ([6-7, 10-13, 254-272]).

Figure 11. The anterior (A), superior (S) and inferior (I) boundaries of the SMG do not change,
while the posterior (P) boundary changes from pLF, to apsSTS then SIP as the volume is
traversed medially in sagittal view.

1. Starting with the most lateral slices in sagittal view, identify the first few where the lateral
fissure’s posterior end (pLF) extends superiorly all the way to the end of the cortical
surface (towards the skull) cutting it into two ([254-257] and Figure 12a). In these slices,
mark the pLF and IPS ({62-66}) which represent the SMG’s posterior and anterior borders,
respectively. Do not extend the inferior ends of these borders beyond the imaginary
horizontal at the mLF’s superior tip (i.e, SMG’s inferior border).

A-13

Figure 12. Sagittal segmentation of the SMG borders. In the first few lateral slices, the SMG
is posteriorly bound by the pLF which extends through the cortical surface towards the skull
(a). In the following few slices, the SMG stretches over and straddles the pLF, and the apsSTS
becomes the new posterior border (b). The SMG’s inferior border is either the inferior tip of
the apsSTS (yellow) or the mLF’s superior end (dotted horizontal line); whichever comes first.

2. Continuing medially, still in sagittal view, the SMG then straddles the pLF, and its
posterior border becomes the apsSTS ([258-261] and Figure 12b). The IPS continues to
be the SMG’s anterior border. Identify and mark these 2 borders (apsSTS ({75-80}) and
IPS) in these slices. Limit them inferiorly to either the inferior tip of the apsSTS or to the
area superior to the imaginary horizontal at the mLF’s superior end (i.e, SMG’s inferior
border); whichever comes first.
3. Continuing medially after the apsSTS has ended, identify and mark the SIP ([266-272]) as
the SMG’s new posterior border and IPS as its anterior border (Figure 13a). The SMG
ends at the inferior ends of these borders or at the imaginary horizontal drawn at the
mLF’s superior end- whichever comes first. Continue to outline the IPS and SIP in sagittal
view until the SIP’s medial tip is reached which may be easier to identify in axial view
(Figure 13b). Once again, the SMG cut-off point in sagittal view is the horizontal at the
mLF’s superior end.

A-14

Figure 13. Continuing medially in sagittal view after the apsSTS has ended, mark the SIP as
the SMG’s posterior border (a), with guidance from the axial view for its medial tip (b). As in
the more lateral slices, the IPS is the SMG’s anterior border. Ensure that the cut-off point in
sagittal view is the horizontal at the mLF’s superior end should the 2 borders extend beyond
it.

4. Go back through all marked slices, and draw the SMG as the region situated within the
borders marked in the previous steps. All drawing should be done in the sagittal view,
from lateral to medial direction.
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Appendix B:
Figures for Chapter 5

B-1

Figure 1. Medial view of cortical parcellation for
subjects 1-5’s left hemisphere. Parcellation was
done according to FreeSurfer (DK and DKT
protocols), BrainSuite, and BrainGyrusMapping.
The variable anterior, posterior and medial SFG
borders of each package are indicated by arrows.
The ground truth CG is outlined on top of subject
5’s parcellations (q-t). DK: Desikan-Killiany; DKT:
Desikan-Killiany-Tourville;
BGM:
BrainGyrusMapping; ‘+’: additional CG regions in
DKT compared to DK; ‘*’: regions missing from
the CG according to ground truth parcellation.

B-2

Figure 2. Medial view of cortical parcellation
for subjects 6-10’s left hemisphere.
Parcellation was done according to FreeSurfer
(DK and DKT protocols), BrainSuite, and
BrainGyrusMapping. The variable posterior
SFG borders of each package are indicated by
arrows. The ground truth SFG and CG are
outlined on top of subject 6’s parcellations (ad). DK: Desikan-Killiany; DKT: Desikan-KillianyTourville; BGM: BrainGyrusMapping; ‘+’:
additional CG regions in DKT compared to DK;
‘*’: regions missing from the CG according to
ground truth parcellation; ‘x’: regions wrongly
attributed to the CG, according to ground truth
parcellation.
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Figure 3. Lateral view of cortical parcellation for
subjects 1-5’s left hemisphere. Parcellation was
done according to FreeSurfer (DK and DKT
protocols), BrainSuite, and BrainGyrusMapping.
The highly variable posterior SMG borders are
indicated by arrows, with a ‘+’ representing the
additional SMG folds of BrainSuite (g, k, s). DK:
Desikan-Killiany; DKT: Desikan-Killiany-Tourville;
BGM: BrainGyrusMapping.
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Figure 4. Lateral view of cortical parcellation
for subjects 6-10’s left hemisphere.
Parcellation was done according to FreeSurfer
(DK and DKT protocols), BrainSuite, and
BrainGyrusMapping. The highly variable
posterior SMG borders of each package are
indicated by arrows. The ground truth SMG is
outlined on top of subject 6’s parcellations (ad). DK: Desikan-Killiany; DKT: Desikan-KillianyTourville; BGM: BrainGyrusMapping; ‘+’:
additional SMG folds in the packages,
compared to DKT.
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Figure 5. Medial view of cortical parcellation for
subjects 1-5’s right hemisphere. Parcellation was
done according to FreeSurfer (DK and DKT
protocols), BrainSuite, and BrainGyrusMapping.
SFG borders for each of the packages are
indicated by arrows. DK: Desikan-Killiany; DKT:
Desikan-Killiany-Tourville;
BGM:
BrainGyrusMapping.
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Figure 6. Medial view of cortical parcellation
for subjects 6-10’s right hemisphere.
Parcellation was done according to FreeSurfer
(DK and DKT protocols), BrainSuite, and
BrainGyrusMapping. Package discrepancies at
the SFG-CG border are indicated by arrows. The
ground truth SFG and double CG are outlined
on top of subject 6’s parcellations (a-d). DK:
Desikan-Killiany;
DKT:
Desikan-KillianyTourville; BGM: BrainGyrusMapping.
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Figure 7. Lateral view of cortical parcellation for
subjects 1-5’s right hemisphere. Parcellation was
done according to FreeSurfer (DK and DKT
protocols), BrainSuite, and BrainGyrusMapping.
Posterior SMG borders are indicated by arrows.
DK: Desikan-Killiany; DKT: Desikan-KillianyTourville; BGM: BrainGyrusMapping.
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Figure 8. Lateral view of cortical parcellation
for subjects 6-10’s right hemisphere.
Parcellation was done according to FreeSurfer
(DK and DKT protocols), BrainSuite, and
BrainGyrusMapping. Posterior SMG borders
are indicated by arrows. The ground truth SMG
is outlined on top of subject 6’s parcellations
(a-d). DK: Desikan-Killiany; DKT: DesikanKilliany-Tourville; BGM: BrainGyrusMapping.
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Figure 9. Superior view of cortical parcellation for
subjects 1-5. Parcellation was done according to
FreeSurfer (DK and DKT protocols), BrainSuite,
and BrainGyrusMapping. Differences between
DK and DKT protocols at the antero-lateral end of
the SFG are indicated by arrows. DK: DesikanKilliany; DKT: Desikan-Killiany-Tourville; BGM:
BrainGyrusMapping.
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Figure 10. Superior view of cortical parcellation
for subjects 6-10. Parcellation was done
according to FreeSurfer (DK and DKT
protocols),
BrainSuite,
and
BrainGyrusMapping. Protocol differences at
the SFG are indicated by arrows. DK: DesikanKilliany; DKT: Desikan-Killiany-Tourville; BGM:
BrainGyrusMapping.
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Figure 11. Antero-superior view of cortical
parcellation for subjects 1-5. Parcellation was
done according to FreeSurfer (DK and DKT
protocols), BrainSuite, and BrainGyrusMapping.
DK: Desikan-Killiany; DKT: Desikan-KillianyTourville; BGM: BrainGyrusMapping.
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Figure 12. Antero-superior view of cortical
parcellation for subjects 6-10. Parcellation was
done according to FreeSurfer (DK and DKT
protocols),
BrainSuite,
and
BrainGyrusMapping. DK: Desikan-Killiany;
DKT:
Desikan-Killiany-Tourville;
BGM:
BrainGyrusMapping.
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